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I. INTRODUCTION 
In recent years, publicly owned wastewater treatment 
facilities (POTWs) in the United States have been experi­
encing problems with organic overloading. At the same 
time, federal funding for wastewater treatment improvement 
projects has been decreasing. In order to maintain a high 
level of effluent quality from treatment facilities and to 
allow additional industrial and domestic growth to occur, 
facilities have been looking for innovative methods to 
reduce the cost of expanded treatment capacity. 
One method is to pretreat the concentrated industrial 
waste streams at the industrial facility. Often it is 
more cost effective for a city to build a pretreatment 
facility instead of increasing the size of the central 
treatment plant. There are three primary treatment sys­
tems to consider for the purpose of pretreatment. These 
include : 
1. Physical - chemical 
2. Aerobic 
3. Anaerobic 
Physical - chemical systems can be expensive to 
operate and often simply transform waste constituents to 
another form while still maintaining their biochemical 
oxygen demand. The physical - chemical treatment systems 
2 
often require a high degree of expertise to operate, thus 
making them unattractive to industry and municipalities. 
Aerobic processes can be energy intensive and can 
require large areas of land. The increase in energy costs 
may make this process unattractive to industrial opera­
tions. Land is often a precious commodity at industrial 
sites, making it difficult to find space for a large aero­
bic process. Aerobic processes also generate large quan­
tities of biomass that must be dealt with by digestion, 
thermal reduction, and land disposal of residuals. 
The final process to be considered is an anaerobic 
treatment system. In recent years, significant progress 
has been made on the development of high rate anaerobic 
processes. These high rate systems are capable of han­
dling highly concentrated organic loadings with relatively 
short hydraulic retention times (HRT). 
One of these high rate anaerobic processes is the 
upflow submerged media anaerobic reactor, also known as 
the anaerobic filter. Since work first began on this 
process in the mid 1960's, many industrial waste streams 
have been successfully treated. The anaerobic filter is 
especially suited for high strength, soluble organic 
streams. To date, the majority of the research on these 
systems has been conducted at mesophilic temperatures. 
Since many of the industrial waste streams are hot, the 
3 
use of these systems at thermophilic temperatures is of 
interest. 
Anaerobic treatment systems show promise for helping 
to solve the problem of organically overloaded POTWs. 
These systems require less land area for construction and 
often have the potential for a net energy gain in the form 
of methane gas. Anaerobic systems also produce low quan­
tities of sludge, compared with aerobic processes. A 
typical anaerobic filter system may only require wasting 
of solids every year or two. 
For these reasons it is important for research to be 
conducted that helps to better understand the uses and 
limitations of these treatment systems. 
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II. OBJECTIVES AND SCOPE OF STUDY 
A review of the literature has uncovered numerous 
research studies on mesophilic anaerobic filters. A 
limited number of studies have been performed at thermo­
philic temperatures. There are no reports on the compara­
tive performance of thermophilic and mesophilic anaerobic 
upflow filters. 
The studies traditionally have attempted to determine 
the effect of organic loading and HRT changes by changing 
the HRT with a constant influent waste concentration. The 
effect of this has been to have two independent variables 
changing simultaneously. The organic loading changes have 
not been incremental increases or decreases with HRT held 
constant. 
The same has been true for studies involving the 
effects of hydraulic loading. The studies often change 
the hydraulic load causing increases or decreases in the 
organic load at the same time. 
The purpose of this study was to control the organic 
and hydraulic loading rates independently. The research 
was intended to determine if, in fact, either hydraulic or 
organic loading rate plays a greater role in organic 
removal efficiencies at thermophilic or mesophilic temper­
atures . 
5 
The research also was intended to investigate the use 
of a two-temperature treatment system to improve removal 
efficiencies. The literature review indicated that only 
completely mixed or suspended growth systems had been 
studied in this configuration. The results in the litera­
ture were mixed as to whether there was any benefit to a 
two-temperature system. 
The specific objectives of this research were; 
1. To evaluate the significance of hydraulic reten­
tion time (HRT) on organic removal efficiencies 
at thermophilic versus mesophilic temperatures. 
2. To evaluate the effects of organic (COD) loading 
on organic removal efficiencies at thermophilic 
versus mesophilic temperatures. 
3. To determine whether COD or HRT plays a greater 
role in organic removal efficiency of mesophilic 
and thermophilic anaerobic filters. 
4. To determine the effect of temperature on the 
production of ammonia from a high protein waste. 
5. To conduct preliminary studies to assess the 
comparative performance of two-temperature an­
aerobic filter systems compared to single stage 
systems. 
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III. LITERATURE REVIEW 
The literature review is divided into five sections: 
a) fundamentals of anaerobic digestion, b) history of 
anaerobic treatment, c) anaerobic fixed-film systems, d) 
thermophilic anaerobic treatment, and e) two temperature 
phase anaerobic treatment systems. This review attempts 
to include all previous work relevant for this research, 
but does not attempt to review every piece of work on 
anaerobic treatment. 
Fundamentals of Anaerobic Digestion 
Anaerobic treatment is a process in which complex 
organic materials are biologically converted to carbon 
dioxide (COg^ and methane (CH^). The process has been 
used for waste sludge treatment for many years. In more 
recent years, the process has been used not only for 
sludge stabilization but also for the treatment of high 
strength industrial wastes. Anaerobic treatment processes 
have continued to develop through research and modifica­
tions to traditional processes. 
Anaerobic processes possess advantages over aerobic 
processes. These advantages include (McCarty, 1964a; 
Obayashi, 1985): 
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1. A high degree of waste stabilization is possible 
at high organic loading rates. 
2. Low production of stabilized excess sludge. 
3. Excess sludge has good dewatering characteris­
tics. 
4. Low nutrient requirements. 
5. Use of aeration equipment is not required. 
6. Production of a useful end product in the form 
of methane. 
7. Well adapted sludge can be preserved unfed for 
one year or more without any appreciable deteri­
oration. 
8. The system may be less sensitive to toxic com­
pounds than aerobic processes. 
Although there are advantages to the anaerobic treat­
ment process, there are also some disadvantages. The 
disadvantages include the following (Obayashi, 1985): 
1. The relatively high temperatures required for 
optimal operation. 
2. The slow rate of growth of the methane producing 
bacteria. 
3. An 8 to 12 week or longer start-up period for 
the process. 
Even with these disadvantages, the advantages of the 
anaerobic treatment process are far greater. For years, 
the anaerobic treatment process for years has been viewed 
with disfavor, mainly due to misunderstandings and misin­
formation about the system. However, anaerobic treatment 
systems are as effective and reliable as aerobic systems 
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if the operators and designers understand the operational 
and design parameters (Friedman, 1982). 
The subject of kinetics involves the study of reac­
tion rates. An understanding of the kinetics of anaerobic 
digestion is important in understanding the key factors 
affecting the process efficiency and stability (Parkin and 
Owen, 1986). 
The Monod equation is often used to describe bacteri­
al growth kinetics as follows: 
u = Urn S/(Kg+S) 
where, u^^ is the maximum specific growth rate in mg bio-
mass produced/ mg biomass/ day; and Kg is the half-satura­
tion constant, in mg substrate/L. 
Another expression often used to describe bacterial 
kinetics is the Michaelis-Menton equation: 
k = km S/(Ks+S) 
The Michaelis-Menton equation is similar to the Monod 
equation, but expresses the bacterial kinetics in terms of 
substrate utilization. In this equation k^ is defined as 
the specific utilization rate, time"! and k is the sub­
strate utilization rate, time"!. The Kg has been charac­
terized as the driving force required to achieve half of 
the maximum specific growth rate or specific utilization 
9 
rate (Metcalf and Eddy, 1991). 
The yield of biomass per unit of substrate utilized 
is important in biological system. The yield indicated 
the quantity of biomass that will be required to be re­
moved from the system. The yield can be defined by the 
following equation: 
u = kY 
where, u is the bacterial growth rate; k is the substrate 
utilization rate; and Y is the biomass yield coefficient. 
The temperature dependence of the biological reaction 
rate constants is very important in assessing the overall 
removal efficiency of a biological treatment process. 
Temperature influences the metabolic rates of the microor­
ganisms in the treatment process. The effect of tempera­
ture on the reaction rate of a biological process is 
usually expressed as: 
where, kij, = rate coefficient at T° C 
^20 = rate coefficient at 20° C 
9 = temperature activity coefficient 
T = temperature, °C 
The parameters of greatest concern in the anaerobic 
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treatment process are (McCarty, 1964b; Parkin and Owen, 
1986); 
1. Solids retention time 
2. Optimal temperature 
a. mesophilic range 
30°c to 38°C 
b. thermophilic range 
50°C to 60°C 
3. Sufficient biological nutrients 
4. Absence of toxic materials 
Anaerobic waste treatment proceeds most favorably 
when the pH of the system is maintained in the range of 
6.5-8.0. The highest rate of waste stabilization occurs 
when the process is maintained as close to pH 7.0 as 
possible. Process efficiency greatly decreases when the 
pH is below 6.5. This occurs when the methane forming 
bacteria are overtaxed due to an increase in the volatile 
acid level (Parkin and Owen, 1986; Henze, 1983). 
Preventing pH imbalances in anaerobic systems may 
require the addition of buffering materials. Bicarbonates 
in different forms can be added to the system to help 
maintain the pH in the neutral range. The levels of 
alkalinity often desirable in anaerobic systems are 2,500 
to 5000 mg/1 (as CaCOg) (McCarty, 1964b; Obayashi, 1985). 
The key to developing and maintaining a viable anaer­
11 
obic treatment system is the development of a large, 
viable, and stable methane forming bacterial population. 
In order to avoid problems with anaerobic treatment sys­
tems, it is vitally important that the key parameters be 
monitored and appropriate changes be made to the system so 
that the system is maintained within the defined parameter 
ranges (McCarty, 1964a; Parkin and Owen, 1986). 
All microorganisms have an array of mineral require­
ments for optimal growth. A problem common to the methan-
ogens is that a number of the trace minerals required for 
optimal growth co-precipitate, thus limiting their bio­
availability. Since industrial wastewater is often lack­
ing in the essential nutrients required for growth, these 
wastewaters often become more difficult to treat. Waste­
water is often checked for the proper levels of nitrogen 
and phosphorus but is not evaluated for trace nutrients 
and minerals (Takashima and Speece, 1989, 1990). 
Nutrients other than nitrogen and phosphorus required 
by anaerobic microorganisms include iron, nickel, cobalt, 
sulfur, calcium, and some trace organics. The complete 
nutrient requirements of the methanogens has not been 
fully determined at this time (Takashima and Speece, 
1989). 
The primary objective of anaerobic treatment is the 
stabilization of organic wastes. This is accomplished by 
12 
the conversion of organics to methane and carbon dioxide 
in an oxygen free environment. The conversion of organic 
wastes to CH^ and COg is accomplished by a consortium of 
facultative and anaerobic bacteria. In recent years, a 
three-stage scheme has been used to represent the overall 
treatment. Although the bacteria are represented as 
separate groups, it is not possible to actually separate 
the metabolism of each group since they are interdependent 
(Mccarty, 1964a; Stronach, 1986; Parkin and Owen, 1986;). 
The three-stage scheme, shown in Figure 1, can be 
described by processes involving (Parkin and Owen, 1986): 
1. hydrolysis, liquefaction, and fermentation 
2. hydrogen and acetic acid formation 
3. methane formation. 
Five groups of bacteria are thought to be involved, each 
deriving its energy from a limited number of biochemical 
reactions. 
Hydrolysis and liquefaction of particulate and com­
plex organic matter are necessary to allow these materials 
to pass through the bacterial cell walls for use as energy 
and to meet nutrient requirements. The hydrolysis step 
has been identified as the rate limiting step in the 
destruction of particulate and complex organic matter. 
However, the rate limiting step in the anaerobic process 
remains the growth rate of the methanogens. It should be 
13 
ACETATE 
SIMPLER, SOLUBLE ORGANICS 
PROPIONATE 
BUTYRATE, ETC. 
(Long-chained 
fatty acids) 
COMPLEX WASTEWATER 
ORGANICS 
* Carbohydrates 
* Proteins 
* Lipids 
BACTERIAL GROUPS 
1. Fermentative Bacertia 
2. Hydrogen-producing acetogenic bacteria 
3. Hydrogen-consuming acetogenic bacteria 
4. Carbon dioxide reducing bacteria 
5. Aceticlastic methanogens 
Figure 1. Methane formation in anaerobic digestion (Parkin 
and Owen, 1986) 
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recognized that not all organic matter can be hydrolyzed 
to a size that can be assimilated by the bacteria, and 
that fraction is classified as non-biodegradable (Parkin 
and Owen, 1986). 
Once the particulates and complex organic material 
are hydrolyzed, they are then fermented to long chain 
organic acids, sugars, amino acids, and eventually to 
smaller organic acids. This phase is often referred to as 
the "acid forming" stage and results in little or no 
stabilization but only a change in the form of the organic 
material. This phase also produces some quantities of 
acetic acid, hydrogen and carbon dioxide (McCarty, 1964a). 
The long chain organic acids are converted to ace­
tate, carbon dioxide and hydrogen. Acetate is the most 
important compound produced in the fermentation of organic 
substrates by bacterial populations, with propionate 
production of secondary consequence. Only a limited 
number of anaerobic microorganisms are capable of further 
degradation of propionate (Parkin and Owen, 1986; 
Obayashi, 1985; McCarty, 1964a). 
Microorganisms that produce acetate from propionate, 
butyrate, and other higher fatty acids are necessary to 
the anaerobic digestion process. Long chain fatty acids 
cannot be utilized directly by the methanogenic bacteria. 
Acetate is the main residual in a stable digester. High 
15 
concentrations of propionate or butyrate are indicative of 
reactor failure, and propionate, in particular, is toxic 
to H2 utilizing bacteria (Parkin and Owen, 1986; Winter, 
1984). 
Methane fermentation is very important in the anaero­
bic treatment process. Stabilization of the organic 
material actually occurs when acetic acid is converted to 
methane. The other methane forming process is the conver­
sion of CO2 and H2 to methane. Approximately 72% of the 
methane formation comes from the acetate cleavage with the 
remaining 28% resulting from the reduction of COg using 
hydrogen as the energy source by CO2 reducing bacteria 
(McCarty, 1964a; Henze, 1983; Parkin, 1986). 
Methanogens are commonly considered to be the most 
sensitive to toxicity of all the microorganisms in the 
anaerobic process (McCarty, 1964c). Most industrial waste 
streams contain some toxic substances; therefore many 
believe anaerobic systems are not appropriate for indus­
trial pretreatment. Ttu-S attitude has hindered the use of 
anaerobic processes in industrial waste applications. 
There are many materials, both organic and inorganic, that 
in sufficiently high concentrations are inhibitory or 
toxic to the anaerobic digestion process (Obayashi, 1985; 
Parkin and Owen, 1986). 
Microorganisms usually have the ability to adapt (to 
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some extent) to the presence of inhibitory compounds in 
anaerobic systems. This ability depends upon the concen­
tration and the nature of the inhibition. Some systems 
may be able to acclimate to some inhibitory compounds, 
while for other compounds inhibition may continue 
(Mccarty, 1964c). 
Control of these toxicants can be vital to the suc­
cessful use of an anaerobic process as an industrial 
wastewater pretreatment system. Table 1 lists some of the 
methods that may be used in the control of inhibitory or 
toxic substances (McCarty, 1964c). 
Volatile acids inhibition of anaerobic systems is 
usually a sign of failure of the methanogenic population 
due to other environmental factors. This failure is 
marked by the rapid increase in the volatile acids concen­
tration. Acetate has been described as the least toxic of 
the volatile acids, while propionic acid often has been 
implicated as a major reason for digester failure (Parkin 
and Owen, 1986). 
Table 1. Methods to control toxic materials 
1. Remove toxic material from waste. 
2. Dilute below toxic level. 
3. Form insoluble complex or precipitate. 
4. Antagonize toxicity with another material. 
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High volatile acids concentrations often cause de­
creases in the pH of the anaerobic system. When the pH 
slips below the 6.5 level, the addition of buffers is 
often necessary to enable methanogenic bacteria to func­
tion (McCarty, 1964b; Parkin and Owen,1986). 
Sulfates and other oxidized compounds of sulfur are 
easily reduced to sulfide under the conditions present in 
anaerobic processes. It has been reported that sulfides 
in excess of 200 mg/L can cause significant decreases in 
methane production. Sulfides are used to remove toxic 
heavy metals in anaerobic systems by precipitation. 
Sulfides may be insoluble, soluble, or gaseous (as hydro­
gen sulfide) (McCarty, 1964c). 
In the anaerobic system, the destruction of ammonia 
containing compounds, in particular protein, can release 
ammonia-nitrogen and bicarbonate alkalinity. Although 
ammonia is an important buffer in the anaerobic process, 
high ammonia concentrations can cause system failure. 
There are conflicting reports about the level of ammonia 
required for the appearance of toxic effects. Some re­
search indicates that anaerobic systems can be acclimated 
to levels of ammonia as high as 9000 mg/L, as N. A widely 
accepted level at which toxic or inhibitory effects become 
noticeable is 1500 mg/L (McCarty, 1964c; Henze, 1983). 
McCarty (1964c) reported that concentrations between 
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50 and 200 mg/L are beneficial, mainly because ammonia-
nitrogen is an essential nutrient. However, ammonia-
nitrogen is also thought to be toxic in two ways, depend­
ing on pH. In may be present in the form of the ammonium 
ion, or as free ammonia, NHg, as shown by the fol­
lowing equation: 
NH3 + HgO ^  NH4+ + OH" 
Using the constants from Table 2 from the CRC Hand­
book of Chemistry and Physics one can the develop Table 3. 
Table 3 shows the dependence of the species on temperature 
and pH. 
Table 2. Dissociation constants (K^) of aqueous 
ammonia from 0 to 55°C 
Temperature ("C) pK^ 
0 4.862 
15 4.782 
25 4.751 
35 4.733 
45 4.726 
55 4.720 
Many researchers feel that the toxicity is associated 
with free ammonia (NH3-N). Concentrations in excess of 
approximately 100 mg/L may cause severe toxicity (Parkin 
and Owen, 1986). It is felt that pH control can alleviate 
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ammonia toxicity by maintaining free ammonia levels below 
100 mg/L. Of course, if total ammonia gets sufficiently 
high, severe toxicity will result, due either to free 
ammonia or the action of the ammonia ion (NH^^), which may 
act like any other cation. 
Table 3. Effect of pH and temperature on the form of 
ammonia -N 
NH3-N, in mg/L , for temp, of: 
Case pH 25°C 35°C 55°*-' 
Total ammonia-N 6.5 2 4 12 
= 1000 mg/L 7.0 6 11 36 
7.5 17 34 107 
8.0 53 99 274 
Total ammonia-N 
= 5000 mg/L 6.5 10 20 60 
7.0 30 55 180 
7.5 85 170 535 
8.0 265 495 1,370 
Wiegant and Zeeman, (1986) proposed a scheme for the 
inhibition of thermophilic methane digestion processes by 
high ammonia concentrations. Ammonia acts as a strong 
inhibitor to the formation of methane from H2 and COg- It 
has only a minor effect on the formation of methane from 
acetate, however the increase in propionate caused by the 
inhibition causes inhibition in the acetate utilizing 
methanogens. 
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The concentration of the alkali and alkaline earth-
metal salts such as Na+, K"^, Ca+, or Mg"^ may be high in 
industrial waste streams leading to problems with reduced 
removal efficiencies or failure of the anaerobic treatment 
system. Table 4 provides the concentrations at which 
cations affect the anaerobic process. Table 5 lists the 
cations that act as antagonists for each of the cations 
(Stronach, 1986). 
The most common cause of inhibition and failure of 
anaerobic digestion has been reported to be from heavy 
metal toxicity. Waste streams from certain industrial 
processes containing relatively high concentrations of 
heavy metals in different forms, tend to have a degenera­
tive effect on the anaerobic treatment processes. Soluble 
heavy metals are of more concern than insoluble ones 
(Stronach, 1985). 
Heavy metals in the soluble form are directly related 
to the level of sulfides in the reactor. Sulfides bind 
with soluble heavy metals to form precipitates that cause 
little detrimental effect on the anaerobic treatment 
process. Sulfides are often added to a reactor experienc­
ing heavy metal toxicity; however one must be careful not 
to exchange heavy metal toxicity for sulfide toxicity. 
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Table 4. Concentrations of cations which stimulate 
or inhibit anaerobic systems (McCarty 
1964c) 
Concentrat.ions in mg/l 
Cation Stimulatory 
Moderately 
Inhibitory 
Strongly 
Inhibitory 
Na"^ 100-200 3500-5500 8,000 
K+ 200-400 2500-4500 12,000 
Ca++ 100-200 2500-4500 8,000 
Mg++ 75-150 1000-1500 3,000 
Table 5. Cation antagonists (Parkin and Owen 1986) 
Toxic Cation Antagonistic Cation 
Na"^ K+ 
K+ Na+, Ca^+, Mg++,NH4+ 
Ca++ Na+, K+ 
Mg++ Na+, K+ 
Several considerations are important in designing 
anaerobic systems to successfully treat waste streams. 
Since previous experience is not always available for 
industrial wastes, it is important to determine the organ­
ic strength and composition of the waste. The biodegrad-
22 
ability of the waste. The nutrient content of the waste 
must be characterized to ensure that adequate nutrients 
are available for microbial growth. The temperature of 
the waste stream can determine the temperature of treat­
ment or the requirement for supplemental heat. Finally, 
it is important to determine if the waste stream contains 
inhibitory concentrations of toxic material (McCarty, 
1964d). 
History of Anaerobic Treatment 
This section of the literature review is intended to 
describe the development of anaerobic treatment systems, 
but not to cover every piece of literature published. The 
review will show the overall development of the anaerobic 
systems from the septic tank to the numerous anaerobic 
systems of today. 
Anaerobic life was first discovered by Pasteur be­
tween 1857 and 1876 while he was devoting considerable 
time to research on fermentation processes (Dague, 1967). 
Pasteur discovered the strictly anaerobic bacteria that 
cause butyric fermentation. Exposure to oxygen proved to 
be toxic to the bacteria, thus leading to the conclusion 
that they live in an atmosphere free from oxygen. 
Pasteur was the first to recognize the difference in 
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yield between aerobic and anaerobic processes. He ob­
served the breakdown of a given weight of sugar for yeast 
production resulted in substantially less microbial mass 
for anaerobic conditions than under aerobic conditions. 
The fermentation by anaerobic means was considered less 
efficient for the production of yeast. 
The earliest reports of anaerobic treatment of sus­
pended solids date back to 1881 in France (McCarty, 1981). 
It was reported that an air-tight chamber developed by M. 
Louis Mouras called the "Mouras' Automatic Scavenger" 
could be used to liquify suspended organic material in 
wastewater. This was the first treatment process that 
excluded air to accomplish treatment of wastewater. 
In 1891, perhaps the first anaerobic filter was con­
structed in England by W.D. Scott-Moncrieff (McCarty, 
1981). The system consisted of a tank with an empty space 
below and a bed of stones above. The wastewater from 10 
persons was admitted to the empty space and then passed 
upward through the stones. After a period of seven years 
the sludge below the rocks was removed. A.C. Houston 
confirmed the value of this process with studies conducted 
in 1892 and 1893. Houston reported a great decrease in 
the quantity of sludge that had to be handled following 
treatment with this system. 
A. Prescott Folwell, in his 1899 book, talks of 
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sewage treatment and the recent use of the septic tank 
system for the treatment of organic matter. In an atmo­
sphere free of oxygen, organic matter is converted to 
carbonic acid, gases (ammonia), and other nitrogenous 
compounds. He also states that not enough data have been 
collected on the system to demonstrate its value as a 
treatment system nor its economy when used at large scale. 
In 1904, William O. Travis put into operation a new 
two-stage process in which suspended material was separat­
ed from wastewater and allowed to pass into a separate 
hydrolyzing chamber (Travis, 1904). Travis felt it was 
important to allow wastewater to flow through the hydro­
lyzing chamber; however this created problems with sus­
pended solids and septic conditions in the effluent. 
Construction of Travis tanks began at Emscher, Germa­
ny in 1905, but were modified by Dr. Karl Imhoff, director 
of the Emscher Sewerage District. The treatment system 
was referred to as the "Emscher tank" which later were 
commonly known as Imhoff tanks. The Imhoff tank did not 
allow wastewater to flow through the hydrolyzing tank. 
The sludge was allowed to remain in the hydrolyzing cham­
ber for a few weeks to many months. The Imhoff tank 
greatly reduced the cost of sludge disposal and rapidly 
came into favor, especially in the United States (McCarty, 
1981; Dague, 1981; Babbitt, 1922; Folwell, 1910,1929). 
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Harry W. Clark, at the Lawrence Experiment Station, 
Massachusetts State Board of Health, is credited with 
first recognizing the need for a separate tank for the 
fermentation of sludge (Dague, 1981; McCarty, 1981). 
Madison, Wisconsin, in 1918, was the first city to incor­
porate a separate sludge digestion tank into their treat­
ment plant. Prior to 1926 there were very few treatment 
plants with separate digestion tanks. 
During the late 1920s there was interest among re­
searchers on the effect of temperature in anaerobic diges­
tion. Schaetzle reported that cold weather retarded 
digestion during studies on separate sludge digestion in 
Baltimore (Schaetzle, 1924). 
The effect of temperature on sludge digestion was 
investigated by Rudolfs in 1927. The studies looked at 
temperatures of 10°, 18°, 24°, 29.5°, and 35° C. The 
study showed that as temperatures were increased, total 
gas production increased. Rudolfs concluded that total 
gas produced is not temperature dependent, but the rate of 
gas production is temperature dependent. 
Numerous studies were conducted during the late 1920s 
and early 1930s to determine the effect of temperature on 
the rate of sludge digestion and gas production. The 
results of a study on the Decatur, Illinois, Imhoff tanks 
showed the advantage of heating of the sludge chamber on 
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the rate of sludge digestion. The results showed this 
increased rate of digestion had a direct effect on the 
capacity of Imhoff tanks (Hatfield et al., 1928). The 
early studies on thermophilic digestion will be discussed 
in the thermophilic literature review section. 
The late 1920s also include some basic research to 
understand the microbial activities of anaerobic process­
es. Heukelekian and Rudolfs (1928) investigated the 
transformation of the carbon and nitrogen compounds. The 
research investigated the effect of these transformations 
in limed and unlimed sludges. The results indicated there 
was an increased reduction in carbon content of limed 
sludge, however the nitrogen remained constant in both 
systems. 
Heukelekian (1928) investigated the effect of vola­
tile acids on the digestion process. Heukelekian stated 
that Korolkoff, in studies in 1918-21 in Moscow, had 
observed that in normal digestion the fatty acids are 
converted to methane and carbon dioxide, while in abnormal 
digestion these acids accumulate and retard digestion. 
Heukelekian showed that without proper buffering the 
volatile acids accumulated quickly in the reactor and 
remain high. In limed reactors these acids were quickly 
converted to methane and carbon dioxide. 
Clark and Adams (1929) conducted studies on the 
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effects of certain acids on the sludge digestion process. 
The investigation included the addition of acetic, butyr­
ic, formic, lactic, oxalic, and sulfuric acids to digest­
ing sludge. The results indicated a reduction in the pH 
of the systems but a gradual increase in pH as the acids 
were converted to methane. The studies did indicate a 
different rate of gas production for different volatile 
acids. 
The benefits of mixing were investigated by several 
investigators in the late 1920s (Edwards, 1929; Fischer, 
1929). The results indicated an improved rate of diges­
tion due to mixing. The results also indicated an in­
crease in system pH due to the release of carbon dioxide 
during the mixing process. The benefits of mixing, com­
bined with increased temperatures of digestion, proved 
that smaller tanks could be used to accomplish the diges­
tion process. 
Studies were also performed to determine the effect 
of pressure on sludge digestion (Whipple et al., 1929). 
The study investigated effects of increased and reduced 
pressures on sludge digestion. The results demonstrated 
lower overall gas production for reactors at higher than 
atmospheric pressure. When a vacuum was applied to the 
system, a higher total gas production was observed, howev 
er the methane production was reduced. The reactor oper­
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ated at atmospheric pressure produced the greatest quanti­
ty of methane. 
The effect of pH control on sludge digestion was 
investigated by Clark and Adams in 1929. They determined 
a need for adequate levels of bicarbonate buffer to en­
hance the rate of sludge digestion. As long as a diges­
tion process was maintained close to a pH of 7.0, the 
process proceeded more rapidly. For sludges low in alka­
linity the addition of lime was required to enhance the 
digestion process. 
The effect of fresh and ripened sludge on the diges­
tion process was also investigated in the late 1920s. The 
results indicated there was no difference in the digest­
ibility, but the rate of digestion was faster for ripened 
sludge. The investigation determined the value of seed to 
the process of sludge digestion (Fair and Klien, 1928; 
Heukelekian, 1929). 
During the war years (early 1940s) there was little 
progress made in the area of anaerobic digestion. The 
attention of the country was on the war effort and little 
research was directed toward anaerobic digestion. 
In a 1947 paper, Schlenz reported on the importance 
of solids retention in the anaerobic digestion process. 
Schlenz recognized that a two-stage system could be oper­
ated more effectively with a solids retention time that 
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was 60 days while the liquid detention time was only 30 
days. Schlenz reported a reduction in the solids content 
with longer SRTs. Schlenz also recognized that 90° to 95° 
F was an optimal temperature range for treatment of sludg­
es. 
The problem of high volatile acids was addressed in a 
1947 paper by Buswell. It was stated that when the vola­
tile acids level in an anaerobic digester exceeded 2000 to 
3000 mg/L, gas production drops off, the acids increase 
and then all gas production ceases within 24 to 48 hours. 
Buswell stated pH was not the controlling factor in the 
fermentation process. He felt that the level of volatile 
acids controlled the fermentation and adding alkali to 
increase the pH was of little use. The rate of substrate 
addition to the digester was the only way to control 
increases in volatile acids. 
Sawyer et al.(1954) reported on liming of digesters. 
He stated that an anaerobic digester has many groups of 
organisms, of which one is the acid forming bacteria. 
These bacteria are responsible for the production of low 
molecular weight fatty acids, such as acetic and propion­
ic. When produced in sufficient quantities, these acids 
can lower the pH of the system. Low pH will inhibit.the 
methane forming bacteria and create a condition known as a 
stuck digester. 
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Sawyer et al. pointed out that a second major group 
of bacteria play a significant role in the anaerobic 
digestion process, these being the methane forming bacte­
ria. These bacteria, it was pointed out, are very sensi­
tive to pH and reproduce at a slower rate than do the acid 
forming bacteria. The role of the methane forming bacte­
ria is to utilize the fatty acids and other end-products 
formed by the acid forming bacteria. 
Sawyer et al. go on to say that primary sludge is low 
in buffering capacity and without adequate digesting 
sludge present this can present problems for the methane 
bacteria because of low pH. To correct the problem of a 
stuck digester associated with these low pH conditions, 
Sawyer et al. investigated the addition of lime to digest­
ers. The results of their work indicated that a stuck 
digester can be started with the addition of lime as an 
artificial buffer. 
Buswell and Mueller (1952), reported on the mecha­
nisms of methane fermentation. They developed an empiri­
cal formula for the calculation of the theoretical quanti­
ty of methane and carbon dioxide that will be produced 
from a substrate. They also presented discussion on the 
optimal temperature for fermentation. They reported three 
maxima 27°, 37°, and about 50° to 55° C. 
A process for the treatment of packing plant waste 
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was reported by Fullen (1953). The process, which would 
later be known as the anaerobic contact process, was used 
in Austin, Minnesota, for the treatment of wastewater from 
the Hormel packing facility. The process consisted of 
mixing raw influent with an activated anaerobic sludge 
and then separating the sludge from the mixture and re­
turning it to the digester. To improve the process of 
solids removal in the effluent, degasification was uti­
lized. The process was able to achieve BOD removals of 95 
to 96%. The detention time for the waste was only 24 
hours because of the capability to retain solids in the 
system. 
In an attempt to accelerate the digestion of sewage 
sludge, P.P. Morgan (1954) studied the effects of gas 
recirculation in anaerobic digesters. The work was car­
ried out in laboratory and pilot-plant operations over a 
period of more than four years. The results indicated 
that the introduction of digester gas to the system en­
hanced removal efficiencies in the digester. The digest­
ers could be loaded at higher rates and detention times 
could be reduced. 
Another study utilizing gas recirculation to enhance 
the rate of digestion was reported by Sawyer and Roy 
(1955). This study indicated the system could be operated 
at a reduced detention time of 6 days. The report stated 
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that the digesters could be operated safely at a 10 day 
detention time without decreases in gas production or 
sludge quality. The paper was not clear as to whether the 
detention times were for SRT, HRT, or both. 
Schulze (1958) presented results on the digestion of 
sludge at increased solids concentrations. The concentra­
tion of solids varied from 10 to 60% in the reactors. All 
of the reactors produced high concentrations of volatile 
acids within 10 days. The increase in volatile acids 
concentrations in the reactors stopped all gas production 
after 6 days. The changes in pH were minor because of the 
buffering capacity of the sludges, however the pHs were 
below 6.6 which normally will cause a cessation of gas 
production. The conclusion was that volatile acids cause 
the gas production to cease. 
In 1961, McCarty and McKinney reported on the consid­
erations for volatile acid toxicity in anaerobic diges­
tion. This study attempted to answer the question as to 
whether the reduction in gas production was caused by 
increased levels of volatile acids or by decreases in pH. 
The results determined that the toxicity to the methan-
ogens was in fact cause by toxicity from cations. The 
decrease in pH from increases in volatile acids concentra­
tions caused increases in the hydrogen cation. Often the 
system is then buffered with alkaline material that re­
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leases high levels of a different cation such as sodium, 
which is in itself toxic to the methanogens. 
McCarty (1963) reported on the significance of dif­
ferent volatile acids on digester imbalance. The results 
indicated that acetic and propionic are the two most 
important acids frequently occurring in unbalanced digest­
ers. These two acids are the ones that are most predomi­
nately produced in the degradation of proteins, carbohy­
drates, and fats. The other volatile acids only occur in 
low concentrations and therefore are not considered to be 
significant as indicators of digester imbalance. 
Dague (1967) stated that the critical factor for the 
sizing anaerobic digesters is solids retention time. It 
was also point out that the SRT critical time is tempera­
ture dependent. When the temperature of an anaerobic is 
decreased the SRT must be increased to obtain equal treat­
ment. 
The desire to improve the anaerobic treatment systems 
reliability and performance has lead to continued research 
in the area of solids retention and toxicity reduction. 
The high rate systems that have been developed allow for 
the increase in SRT and decreases in HRT through attached 
growth systems. The next section will review further the 
anaerobic filter and other high rate anaerobic treatment 
system. 
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Anaerobic Fixed-Film Processes 
The anaerobic fixed-film processes have gained in 
popularity in recent years for the treatment of industrial 
waste streams. The main goal of the processes are to be 
competitive with aerobic processes as treatment alterna­
tives. This is accomplished by increasing SRT while 
reducing HRT and reactor volumes. 
The first major break-through in the attached growth 
process came with the anaerobic filter research of McCarty 
and Young (Young and McCarty, 1967, 1969; Young, 1968). 
The results of Young's dissertation work at Stanford were 
first presented at the Purdue Industrial Waste Conference 
and again in the Journal of the Water Pollution Control 
Federation. The results presented were from work with a 
Plexiglas laboratory filter column filled with stone. The 
research concluded that the process was very effective for 
the treatment of soluble wastes. The major advantage over 
other anaerobic systems was the ability of the filter to 
retain solids without need for an external clarifier. The 
long SRT made the system ideal for handling concentrated 
soluble waste streams. 
Young and McCarty compared the anaerobic filter to 
other biological processes and determined the following 
advantages ; 
35 
1. The anaerobic filter is ideally suited to treat 
soluble wastes. 
2. No effluent or solids recycle is required. The 
biological solids remain in the filter and are 
not lost with the effluent. 
3. The accumulation of high concentrations of ac­
tive solids in the filter permits the treatment 
of dilute wastes even at nominal temperatures. 
Heating is not required as in most other anaero­
bic processes to maintain a high treatment effi­
ciency. 
4. Very low volumes of sludge are produced. The 
effluent is essentially free from suspended 
solids and solids wasting is non-existent in 
some cases. 
However, despite the advantages, there are also 
problems associated with the system. In 1977, Schroeder 
claimed the following limitations: 
1. Because of the problem of clogging, anaerobic 
filters could not be used effectively when the 
wastes contained substantial suspended solids. 
2. Because flow distribution became a problem when 
the biological solids concentration increased to 
the point where it caused channelization to 
develop, the filter must be cleaned or changed. 
3. Filter cleaning techniques have not been devel­
oped and the size of the unit, approximately the 
size of a trickling filter, makes backwashing 
not feasible. 
Early research on the anaerobic filter included work 
by Plummer et al (1968). Their work investigated the use 
of the anaerobic filter for the treatment of low solids 
carbohydrate waste. The studies were conducted using 
filters filled with Raschig rings and berl saddles with a 
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porosity of 65 to 70 percent. The results of these stud­
ies indicated that as the organic load increases the 
percentage removal decreased, however, as the organic load 
increased the hydraulic retention time was decreased. 
Therefore it is difficult to assess if the decreasing 
removal efficiency is a result of increased organic load­
ing or decreased hydraulic retention time. 
In 1972, Taylor and Burm presented results from what 
was thought to be the first full scale anaerobic filter in 
the United States. The process consisted of three filters 
operated in series for the treatment of wheat starch 
wastes. The filters were filled with crushed rock and had 
only a 27% porosity. The filter system obtain 60-70% COD 
removals at a 22 hour HRT. 
The significant part of this research was the studies 
on system recovery after a long shutdown period. The 
reactors were not feed for a period of 26 days while the 
plant operations were shutdown. To prove the worth of the 
anaerobic filter system and its ability to function effi­
ciently after prolonged resting periods, the entire waste 
flow was discharged to the filters upon plant start-up. 
No reduced flow start-up schedule was initiated. Within 
three hours of plant start-up the waste gas burner was in 
full operation. After 24 hours, removal efficiencies 
approximated those prior to the resting period. 
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In 1974 studies were conducted on the use of the 
anaerobic filter for the treatment of pharmaceutical 
wastes (Dennis and Jennett, 1974). The studies used 
anaerobic filters filled with stone (porosity of 47%). 
The influent concentration was varied as was the HRT to 
obtain various organic loading rates. 
The results of these studies showed removal effi­
ciencies of 93.7 to 97.8 percent for loadings of 0.221 to 
3.52 g COD/L/day. The filter was able to handle shock 
loadings effectively. Again, it was pointed out that 
there was no need to waste solids from the filter, a major 
benefit over an aerobic process. 
Mosey (1978) reported on the use of an anaerobic 
filter for the treatment of a high strength (COD = 9400 
mg/L, BOD = 5800 mg/L) carbohydrate waste. The reactors 
utilized a plastic media with a void ratio of about 90%. 
The reactors were operated at a temperature of 35° C and 
HRTs of 26, 9, and 4 days. The removal efficiency varied 
from 98% at a 26 day HRT to 89% at a 4 day HRT. The 
concern with wash out of free swimming bacteria was the 
reason given for a HRT of no less than 4 days. This early 
study demonstrated the high performance capability of the 
anaerobic filter. 
Hudson et al.(1978) reported on the use of the anaer­
obic filter for the treatment of shellfish processing 
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wastewaters. Two different packing media were investigat­
ed, the first was locally available oyster shells which 
provided a porosity of 82%, and rock media which provided 
a porosity of 53%. The oyster shell reactor was superior 
in performance to the rock media reactor, with 89% and 33% 
TCOD removals, respectively. This early study demon­
strates the significance of porosity in the performance of 
the anaerobic filter. 
A report on full-scale anaerobic filter treatment of 
a chemical company effluent was presented by Witt et 
al.(1979) at the Purdue Industrial Waste Conference. The 
anaerobic filter was chosen for the treatment system 
because of its ability to retain solids. The system was 
operated successfully as a pretreatment process with a COD 
removal rate of 60%. 
Graham et al. (1980) reported on anaerobic filters 
for the treatment of a screened potato processing waste­
water. The water contained no alkalinity, therefore, the 
study investigated the effects of the addition of lime for 
alkalinity and pH control. To achieve BOD removals in 
excess of 85%, a lime dose of 200 mg/L was required. When 
the dose was less than this the removal efficiency dropped 
off rapidly. 
Van den Berg et al.(1980) compared the treatment 
efficiency of downflow anaerobic filters to the anaerobic 
39 
contact process and completely mixed anaerobic digesters. 
The results indicated that the achievable HRT for the 
downflow anaerobic filter was shorter than for the other 
processes. The COD removal efficiencies of the processes 
were dependent on the type of waste. The downflow anaero­
bic filter was superior for the treatment of bean blanch­
ing waste while the contact process proved superior for 
the treatment of simulated sewage. The downflow filter 
was stablest of the processes at maximum COD loadings. 
The COD removal performance for the bean blanching waste 
was 86% for the downflow filter, 80% for the contact 
process, and 75% for the completely mixed digesters. 
In a 1980 paper by Hines et al., the production of 
ammonia in a packed-bed anaerobic upflow bioreactor was 
presented. The effects of hydraulic and organic loading 
rate on the production of ammonia in a fixed-film bio­
reactor were investigated. Ammonia production rates were 
shown to be dependent on the organic loading rate. 
The anaerobic, attached-film, expanded bed, (AAFEB) 
reactor was reported by Switzenbaum and Jewell (1980) to 
be an effective anaerobic treatment process. The AAFEB 
process was demonstrated to be effective for the treatment 
of low-strength organic substrates (COD less than 600 
mg/L) while operating at low temperatures (10° C, 20° C). 
The AAFEB was also effective in the treatment of high 
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organic loadings at short HRTs (several hours). The 
success of the process was believed to be the large bio-
mass concentration and SRT values achieved with the thin 
film build-up on the media. Again, this is another anaer­
obic treatment process which was successful in treating 
concentrated waste streams because of the ability of the 
system to maintain high SRTs. 
Wu et al.(1982) reported on the treatment of high-
strength organic wastes by submerged media anaerobic 
reactors at the First International Conference on Fixed-
film Biological Processes. Wu et al. presented data and 
case histories for many applications of the anaerobic 
filter system. The conclusion drawn by their review of 
the existing data was that anaerobic filters are viable 
treatment processes for high strength wastes and high COD 
removals are achievable. 
Low temperature anaerobic biofiltration in upflow 
reactors was investigated by Oleszkiewicz and Koziarski 
(1982). Anaerobic digestion with suspended cultures of 
dilute wastewater, i.e., with water content exceeding 99%, 
is usually difficult to achieve because of washout of 
biota and difficulties in separating the secondary sludge. 
It was for these reasons that the anaerobic filter ap­
peared to offer an alternative. The ability of the fil­
ters to provide long SRTs and short HRTs was ideal for the 
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treatment of the low strength wastewater. The removals 
for the low strength waste were approximately 90% at 
temperatures of 25° C. 
Dahab (1982) investigated the effect of media design 
on anaerobic filter performance. Dahab reported a strong 
correlation between COD removal efficiencies and media 
type, size, and shape. He also reported that the majority 
of the treatment was occurring due to the biological 
solids held in suspension and not because of attached 
biomass. The results of this study indicated rigid media 
out performed the loose filled media. He also determined 
that larger media with less specific surface area but 
larger pore openings was superior to smaller media with 
higher specific surface area and smaller pore openings. 
The overall conclusion was that media type does affect the 
COD removal performance (Young 1983). 
The treatment of low strength domestic wastewater 
using the anaerobic filter was reported by Kobayashi et 
al.(1983). À laboratory scale anaerobic filter was packed 
with synthetic high surface area trickling filter media. 
The reactor was fed wastewater averaging 288 mg/L COD. 
The reactor was operated at three temperatures 2 0 ° ,  2 5 ° ,  
and 35° c at loadings of 0.02 lb COD/ ft^ and a 24 HRT. 
The COD removal efficiencies were 7 9 %  for the 2 5  and 3 5 °  
runs but dropped to 65% at 20°. It was concluded that the 
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anaerobic filter was a promising candidate for low 
strength wastewater treatment. 
Cordoba et al.(1984) investigated using anaerobic 
filters for the treatment of dairy industry wastewater. 
Concentrations of up to 10.2 g COD/L were applied to a 
horizontal anaerobic filter at 40° C. The system achieved 
COD removal efficiencies of 85%. The production of meth­
ane was enhanced when the buffering capacity of the reac­
tor was increased with the addition of alkali. All load­
ing rates were studied at an HRT of 1 day with organic 
loading rates ranging from 6 to 10.2 g COD/L. 
Siino et al.(1986) investigated the effect of HRT 
versus organic load for the anaerobic filter at 35° C. 
They investigated three influent concentrations and varied 
the HRT to achieve the desired organic loading rates. The 
HRT was varied at the three influent concentrations to 
provide a range of organic loadings. The HRT and organic 
load were not maintained as independent variables. The 
investigation indicated it was possible to treat the soft 
drink wastewater with COD removals of 85 to 90%. 
Young has proposed two models to predict removal 
efficiencies based on SCOD. The first includes a factor 
for the HRT, specific surface area of the media, and 
height of the reactor. 
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The equation is: 
E = 44 (HRT)0'119 (As)°-°®^ ,% 
where, E = Soluble COD removal efficiency 
HRT = Hydraulic retention time (adjusted for 
media volume), hours 
As = Specific surface area, m^/m^ 
Hm = Reactor height, m 
The model does not consider variations in temperature or 
organic load. 
The second model proposed by Young for the anaerobic 
filter is : 
E = 100(l-Sj^(HRT)""*) 
where, E = Soluble COD removal efficiency 
HRT = Hydraulic retention time(adjusted for 
media volume without recycle), hours 
S%,m = system coefficients related to reactor 
configuration and media type 
Again, the equation does not consider temperature or 
organic load. 
Chiang (1988) investigate the effect of reactor 
configuration on the performance of the anaerobic filter. 
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The results of Chiang's work indicated that there was no 
significant difference in the reactor performance based on 
height to diameter ratio. His work did show that the 
anaerobic filters are basically a completely mixed reactor 
at higher organic loadings (10-12 g/L/day) due to the gas 
production in the reactor (Chaing and Dague, 1992). 
In summary the review showed a lack of work evaluat­
ing the effect of HRT and organic load as independent 
variables on the anaerobic filter. There was also no 
reports of comparisons of the anaerobic filter operated at 
mesophilic and thermophilic temperatures. 
Thermophilic Anaerobic Treatment 
Thermophilic or heat-loving bacteria are those that 
grow at temperatures well above the maximum temperature 
tolerated by the great majority of bacteria. These bacte­
ria were recognized as early as 1875. The first thermo­
philic bacteria were isolated from a sulphur spring by 
Cohn in 1875. Miguel, in 1878, was the first to isolate 
thermophilic bacteria from soil and feces. In 1884, 
Dherain isolated organisms of this group from sewage and 
manure. Bergy, in 1919, classified thermophilic bacteria 
and considered true thermophiles to be those bacteria that 
show an optimal growth at 60° C to 70° C and no growth or 
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little growth at 40o Q to 45° C. Facultative thermophiles 
have their optimum temperature for growth around 50° C 
(Shamskhorzani, 1989). 
As early as 1912, work with thermophilic organisms 
had begun in an attempt to accelerate the digestion of 
manure and garbage (Hyde, 1932). Rudolfs and Heukelekian 
conducted some of the earliest thermophilic experiments 
with sewage sludge at the New Jersey Agricultural Experi­
ment Station in 1928 (Rudolfs and Heukelekian, 1930). 
Since these early experiments, many other studies have 
been conducted with thermophilic reactors. Laboratory and 
pilot scale studies have shown that good results can be 
obtained with thermophilic digestion. There have been 
several full-scale thermophilic anaerobic digesters oper­
ated in several countries over the past 50 years. Thermo­
philic digestion offers many potential advantages over 
conventional mesophilic operations. Included among these 
advantages are (Shamskhorzani, 1989): 
1. Higher rate of digestion and methane production 
resulting in a shorter retention time and small­
er reactor volumes. 
2. Decrease in the quantity of sludge production 
and reduced sludge handling costs. 
3. Possible improvements in solids-liquid separa­
tion. 
4. A higher rate of pathogenic organism destruc­
tion. 
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5. Potential for increased digestion efficiency. 
There are, however, some disadvantages associated with 
anaerobic thermophilic processes. These include: 
1. Higher energy requirements to maintain higher 
temperatures. 
2. Poor quality effluent. 
3. Sensitive to temperature fluctuations which can 
cause stability problems. 
Since engineers tend to design the sludge digestion 
systems for wastewater treatment facilities quite conser­
vatively, there has been little interest in the thermo­
philic process. The primary advantage to the anaerobic 
thermophilic treatment process is the reduced SRTs that 
are required for treatment. Since most anaerobic treat­
ment system are designed with SRTs in excess of 10 days, 
the advantage of the thermophilic system is not realized. 
In 1930, Rudolfs and Heukelekian were the first 
investigators to pursue research on the anaerobic thermo­
philic treatment of sewage sludge. The results of the 
initial investigations noted that the digestion of fresh 
solids proceeded slowly when incubated at temperatures of 
45-60° C. At these higher temperatures there was a pro­
longed lag in the gasification of the sludge, as compared 
to sludges exposed to lower temperatures. The investiga­
tors did note, however, that once gasification began it 
proceeded very rapidly. It was also noted that there was 
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a higher degree of volatile solids destruction for thermo­
philic digestion than occurred in mesophilic digestion. 
Heukelekian noted the advantage of seeding fresh 
solids with digested solids. The results indicated a 
reduction in the lag period that was experienced with the 
fresh solids studies. Heukelekian conducted additional 
studies in 1930 to determine the difference between ther­
mophilic (50° C) and mesophilic (25° C) digestion 
(Heukelekian, 1930). 
The data from these studies revealed that the time of 
digestion decreased with an increase in the proportion of 
ripe sludge present in the digester. Heukelekian found 
that gasification was essentially complete in 14 days in 
the thermophilic system. The data also showed that there 
were increases in the rate of destruction with increases 
in temperature to 55° C and 60° C but that temperatures 
above this level showed no advantage. 
Heukelekian was able to show that the gas yield per 
gram of volatile solids added, the volatile matter de­
struction, and the decomposition of nitrogenous substances 
was greater at thermophilic temperatures than those at 
mesophilic. The thermophilic system operated at 14 days 
SRT and HRT showed less fat reduction than did the meso­
philic system operated at 35 days SRT and HRT. 
Heukelekian, in 1931, reported that almost 90% of the 
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daily feed to a thermophilic digester was decomposed 
within the first 24 hours. Probably more important was 
the observation that the thermophilic systems quickly lost 
viability if unfed but maintained at temperature. Al­
though Heukelekian observed the same reduction in the 
viability of mesophilic systems that went unfed, the 
reduction was more pronounced in the thermophilic systems. 
Fair and Moore, in 1934, present results of a study 
that established optimal temperatures for sludge diges­
tion. They reported there were four temperature zones: 
1. Cryophilic below 10° C. 
2. Temperate zone below 28° C. 
3. Intermediate zone 28° C to 42° C. 
4. Thermophilic zone above 42° C. 
It appeared to Fair and Moore that the optimum temperature 
for non-thermophilic digestion was about 3 3° C and there 
was little advantage over 28° C until temperatures of 50-
55° C were reached. 
In 1937, further studies on the effect of temperature 
on sludge digestion were reported by Fair and Moore. They 
investigated a wide range of temperatures and determined 
the time it took to produce the equivalent of 90% of the 
quantity of gas that is produced by a system operated at 
15° C. The results indicated a new optimal mesophilic 
temperature between 35° and 40.5° C. The optimal for 
49 
thermophilic treatment was determined to be between 52-
54.5° C. The optimum time of treatment was determined to 
be 8 days for thermophilic and 22 days for mesophilic 
treatment. 
Rudolfs and Setter (1937)reported on the effect of 
certain organic wastes on thermophilic and mesophilic 
anaerobic digestion. Laboratory experiments were conduct­
ed on a large number of sewage sludges and organic trade 
waste mixtures at 50° C and 20° C. The purpose of the 
study was to determine the relative effect of different 
trade wastes added in varying concentrations on digestion 
time, gas production and composition, odors, drainability, 
and the possible acclimating of sewage sludges to definite 
wastes. 
The study concluded that for mesophilic systems the 
trade waste caused delays in the digestion time. Gas 
production was increased by smaller quantities of trade 
waste but retarded or slightly decreased with large quan­
tities of the wastes. The systems all appeared to be 
capable of acclimating to the wastes. The thermophilic 
systems demonstrated reduced times of digestion over the 
mesophilic systems. The thermophilic systems were less 
sensitive to the organic trade waste. Sludge-waste mix­
tures produced slightly less gas when operated at thermo­
philic temperatures but were able to produce 90% of the 
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gas in about one-third the time of the mesophilic system. 
In 1937, Rudolfs reported on the effects of certain 
toxic wastes added to the anaerobic digestion process at 
thermophilic and mesophilic temperatures. The tempera­
tures of the study were 50° and 20° C. The investigation 
included examining the effects of poisons, mineral oils, 
and acids on the digestion process. The purpose was to 
determine the relative effects on digestion time, gas 
production, heat values of gases, odors, drainability, and 
acclimation of the mixtures to specific wastes. 
The results of the study showed that under mesophilic 
conditions comparatively small quantities of substances 
added retarded or inhibited digestion, affecting gasifi­
cation to a greater degree than liquefaction. The addi­
tion of the waste also caused increases in odor problems. 
The sludges could be acclimated to the toxic additions 
only to a limited degree. The thermophilic systems were 
more sensitive to the poisons but less sensitive to the 
oils and acids than were the mesophilic reactors. 
In 1939,. Rudolfs and Gehm reported on the chemical 
treatment of supernatant liquor from mesophilic and ther­
mophilic digestion processes. The study looked at the 
problem of the supernatant from the treatment of sludges 
by mesophilic and thermophilic digestion processes because 
of the problem of land disposal of these supernatants. 
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Both thermophilic and mesophilic supernatant liquors could 
be readily clarified with lime amounting to 10 to 15 
pounds per 1,000 gallons, in conjunction with ferric 
chloride amounting to 4 to 6 pounds per 1,000 gallons of 
liquor. The supernatant of both treatment temperature 
could be treated chemically. 
In 1948, Heukelekian and Kaplovsy used batch digest­
ers to study the effect of changes in temperature on 
thermophilic digestion. Their experimental procedure was 
to make pulse changes from the normal operating tempera­
ture of 50° C down to either 40 or 20° C. The changes in 
temperature were in effect for durations of 2 to 5 days. 
The results indicated a significant reduction in gasifi­
cation with a reduction in temperature. The gas produc­
tion completely stopped when the temperature was reduced 
to 20°C. 
Golueke (1958) studied the effects of temperature on 
the digestion of primary sludge. All the work was con­
ducted at a detention time of 30 days and an organic 
loading of 1.4 kg volatile matter m~^d~^. Because of the 
long SRT and low solid loading rate, the results showed no 
difference in the solids destruction for the temperatures 
of 35 to 55° C. The gas production, composition, and 
general sludge appearance were similar for all tempera­
tures. Two significant differences were that the sludge 
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produced at 50 and 60o q substantially better dewater-
ability characteristics and these sludges had higher 
volatile acid concentrations. 
In 1962, Malina studied the effects of temperature on 
the digestion of waste activated sludge in a bench scale 
reactor using daily feeding and continuous gas mixing. 
The units were operated at 32.5°, 42.5°, and 52.5° C. At 
the high temperature, 42% volatile matter destruction was 
achieved at a detention time of 6 days and an organic load 
of 4.8 kg volatile matter m~^d~^. As the temperatures 
were reduced the volatile solids destruction also de­
clined. 
Pohland and Bloodgood (1963) investigated the general 
behavior of digestion at temperatures of 36°, 52.5°, and 
60° C. The results of their work indicated a different 
set of results compared to those normally reported at 
those temperatures. The two higher temperatures exhibited 
periods of retarded and severely retarded digestion as 
evidenced by low gas production, high carbon dioxide 
levels, and reduced pH. 
Maly and Fadrus (1971) reported results of their 
studies on the influence of temperature on anaerobic 
digestion. The studies were conducted at temperatures of 
20°, 30°, and 50° C. The reactors were operated at long 
retention times of 186, 105, and 140 days, eliminating the 
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limitation of digestion time. The results indicated that 
the final degree of decomposition was virtually indepen­
dent of temperature but that the rate of gas production 
was highest for the highest temperature and lowest of the 
lowest temperature. 
In 1982, Kennedy and van den Berg reported on the use 
of thermophilic downflow stationary fixed film reactors 
for the treatment of bean blanching waste. This is one of 
the earliest published works on the use of attached growth 
system in the thermophilic temperature range. The reac­
tors were operated at 55° C over an organic loading rate 
of 4.2 to 13.1 kg COD/m^/day. The results of the experi­
ments showed no signs of process instability. The thermo­
philic system showed no significant advantage over that of 
the mesophilic system in the treatment of bean blanching 
waste. 
In 1982, Duff and Kennedy reported on the hydraulic 
and organic overloading on thermophilic downflow stoneware 
fixed film reactors. The conclusions of the report indi­
cated the thermophilic system to be less stable than the 
mesophilic system under overloading conditions. The 
thermophilic system is slightly more stable under organic 
overloading than hydraulic overloading conditions. The 
study reported the inability of the thermophilic system to 
withstand shock organic loadings routinely accepted by the 
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mesophilic reactors. 
In 1984, Schraa and Jewell reported on results of 
studies conducted with the thermophilic anaerobic at­
tached-film expanded bed process. The study investigated 
treatment of a synthetic waste stream with an expanded bed 
process. The results indicated that the thermophilic 
reactor was successful in the treatment of the waste 
stream. The study also concluded that the use of the 
expanded bed system at thermophilic temperatures produced 
a high quality effluent. 
Another study using an attached growth system was 
reported by Rudd et al. (1985). The study compared meso­
philic and thermophilic anaerobic fluidized bed reactors 
for the treatment of a synthetic meat waste. The thermo­
philic reactor was shown to achieve an inferior COD remov­
al efficiency compared with the mesophilic reactor. The 
organic removals were 33.1 to 62% and 45.6 to 83.7% for 
the thermophilic and mesophilic fluidized bed reactors 
corresponding to an organic loading of 0.5 to 32 kg m~^ 
d"l. There appeared to be little difference in the opti­
mal HRT for the thermophilic and mesophilic reactors. 
In 1985, Wiegant et al. reported on the treatment of 
vinasse using a thermophilic upflow sludge blanket reac­
tor. The results were compared with that of a mesophilic 
reactor operated over the same loadings. The thermophilic 
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reactors produced a similar quality effluent as the meso-
philic reactors. However, propionate was the predominant 
volatile fatty acid in the effluent of the thermophilic 
reactor, whereas this was not so in the mesophilic reac­
tors. 
Wiegant and Zeeman (1986) proposed a scheme for the 
inhibition of thermophilic methane digestion processes by 
high ammonia concentrations. They suggest that ammonia 
acts as a strong inhibitor of the formation of methane 
from hydrogen and carbon dioxide. It has only a minor 
effect on the production of methane from acetate. Accumu­
lated propionate, in turn, acts as an inhibitor of the 
acetate-consuming methanogens. They feel that this ex­
plains the discrepancy between the observed acetate accu­
mulation in thermophilic methane digestion systems with 
high ammonia levels. 
There have been studies reported on full-scale ther­
mophilic processes as far back as 1945 when Fischer and 
Greene reported on the studies of the thermophilic diges­
tion of primary sludge at Aurora, Illinois in 1931. In 
these studies, a comparison was made between single-stage, 
mesophilic (32.5° C) and thermophilic (54.5° C) digestion 
of raw sludge over a 12 day digestion period and with 
loading rates of 0.03 lb VS/cf/day. Both the mesophilic 
and the thermophilic tanks were heated by conventional hot 
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water coils arranged around the tank walls. There was no 
mixing in the tanks. A higher solids destruction was 
observed in the thermophilic tank than in the mesophilic 
tank. 
From 1942 to 1944, Fischer and Greene (1945) also 
studied thermophilic anaerobic digestion in Jackson, 
Michigan. They used three-stage digestion with a feed 
sludge consisting of one part primary to three parts 
activated sludge. The digesters were not artificially 
mixed and supernatant was withdrawn only form the tertiary 
tank. The reactors were operated at 29° and 52° C. The 
performance was studied over a six month period after the 
tanks had stabilized. Higher volatile solids destruction 
was obtained in the primary stage of the thermophilic 
digester and gas production per pound of volatile matter 
destroyed was also somewhat higher. The thermophilic 
sludge from the primary tank had a higher solids concen­
tration and the supernatant from the third stage was 
higher quality than that from the third stage of the 
mesophilic unit. 
Fischer and Greene noted that a rise or drop in 
temperature of 3° C or more during a relatively short 
period of time greatly affected the digestion process in 
the temperature range of 46-52° C. This variation in the 
46-49° C range was far more serious and could cause tempo­
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rary cessation in digester activity. 
The most extensive plant-scale test of thermophilic 
anaerobic digestion in the United States was conducted by 
Garber(1954,1973). The studies were conducted at the 
Hyperion plant in Los Angeles from 1953 to 1957. Tempera­
tures of 29, 38 and 49° C were studied at detention times 
of 12 and 24 days and organic loadings of 2.1 and 3.8 kg 
volatile solids m~^d~^. 
In Garbers opinion, the major advantage of the ther­
mophilic process was the production of a sludge with 
improved dewatering characteristics. In renewed tests 
since 1972, Garber et al.(1975) have again operated a 
thermophilic digester at 46-51° C. It was reported that 
the operation difficulty level of the thermophilic process 
is essentially similar to that of a mesophilic system. 
In these latest studies it was noted that as the 
reactor approached 52° C there was a sharp increase in the 
volatile acids concentrations. The thermophilic filtrate 
was of a poorer quality than that of the mesophilic reac­
tors with higher concentrations of COD, nitrogen, phospho­
rus, and heavy metals. Garber (1977) further indicates 
that examination of sludge samples for bacterial content 
has shown that thermophilic digestion results in sharply 
lower numbers of pathogenic bacteria in the digested 
sludge. 
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In 1982, Rimkus et al. reported on full scale thermo 
philic digestion of sewage sludge at the west-southwest 
treatment plant in Chicago. Thermophilic digestion was 
considered as an alternative to expansion of the mesophil 
ic facilities in order to meet the increased demand for 
solids treatment. The study, conducted over a period of 
130 weeks, compared the thermophilic reactor to a meso-
philic reactor being fed the same solids. Rimkus et al 
made the following observations from the study: 
1. The concentration of volatile acids was higher 
in the thermophilic reactor (240 mg/L) than in 
the mesophilic reactor (40 mg/L). 
2. Gas production increased with thermophilic di­
gestion over that of the mesophilic digester. 
3. Volatile solids reduction was 9% greater in the 
thermophilic reactor. 
4. The ammonia levels were higher in the thermo­
philic reactor (1200 mg/L) but this did not 
result in ammonia toxicity. 
Although numerous laboratory and full-scale thermo­
philic research projects have been accomplished in the 
last 75 years none have investigated the independent 
effects of HRT and organic loading on the thermophilic 
anaerobic filter. The majority of the research to date 
has been accomplished on completely mixed system. 
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Two-Phase Anaerobic Treatment Systems 
A review of the literature determined that no pub­
lications existed for the two-temperature (thermophilic-
mesophilic) anaerobic filter process. The review showed 
that most of the research on the two-temperature anaerobic 
processes were conducted in an attempt to enhance phase 
separation. Anaerobic processes have been investigated 
that use thermophilic followed by mesophilic reactors but 
not both units were anaerobic filters. 
As early as 1928 a two-stage sludge digestion process 
was being investigated (Buswell et al., 1930). The pur­
pose of the research was to investigate the biochemical 
changes taking place between the two stages. The results 
showed the majority of the stabilization occurred in the 
first stage. The process also showed the ability to 
shorten the retention time in the first stage and allow 
the second stage to complete the digestion. 
In 1971 Pohland and Ghosh proposed a two-phase system 
for the separation of the acid fermentation and methane 
fermentation phases in staged, completely-mixed reactors. 
The purpose was to enhance stabilization of organic wastes 
by providing optimal environmental conditions for both 
phases. The acid and methane formers differ greatly with 
respect to physiology, nutritional requirements, growth 
60 
and metabolic characteristics, and sensitivity to environ­
mental stresses. The two-phase system allows the enhance­
ment of each phase and provides for increased organic 
waste stabilization. 
In 1983, a study of a two-phase system to store vola­
tile acids for methane production during the hours of 
plant operation at a sweet potato canning facility was 
reported (Nhuan et al., 1983). The first phase was oper­
ated at a short SRT to eliminate the methanogens and to 
produce only volatile acids. Volatile acids were then 
introduced to a second stage methanogenic reactor which 
was operated with a long SRT and high solids concentration 
to improve response of the system when the volatile acids 
were introduced to the second phase. The experimental 
reactors consisted of an intermittently mixed acid stage 
with a sludge blanket methane stage. 
The results showed the increase in overall methane 
production and the ability to produce methane at a higher 
rate during the hours the processing facility was operat­
ing and to reduce the production of methane to extremely 
low levels during weekends when methane traditionally had 
been flared. The research showed the effectiveness of a 
two stage process operated at mesophilic temperatures 
(Nghiem et al. 1984). 
In 1983, Ghosh et al. also reported on experimental 
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work on two-stage upflow sludge blanket systems. The 
objective of their research was to develop and apply an 
innovative digestion mode and a novel reactor design to 
permit stabilization and gasification of high suspended 
solids sludges. Ghosh et al. also investigated higher 
loading rates and shorter HRT's to obtain greater methane 
yields and production rates than those of conventional 
digestion. 
All the experiments were conducted at mesophilic 
temperatures. The reactors were operated to compare a 
single stage CSTR to that of a two-stage upflow sludge 
blanket system. The results demonstrated a notable advan­
tage for producing substantially greater quantities of 
methane with reduced fermenter volume. 
In an attempt to meet a federal mandate requiring the 
City of New York to cease ocean dumping of wastewater 
treatment sludge, a study was undertaken to improve de-
waterability and reduce pathogens in anaerobically treated 
sludges at the Rockaway Wastewater Treatment Plant (Torpey 
et al., 1984). The experiments investigated a two temper­
ature phase treatment system utilizing a mesophilic, 
completely mixed reactor followed by a thermophilic, 
completely mixed reactor. The goal was to obtain reduced 
quantities of sludge and meet the time and temperature 
requirements for the destruction of pathogens. The re-
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suits of the study indicate the successful treatment of 
the sludge and economically feasible system. 
Ghosh, in 1986, presented work that compared the 
temperature effects on single-stage and two-phase anaero­
bic digestion. The work compared CSTR systems for meso-
philic, thermophilic, mesophilic-mesophilic, and thermo­
philic-thermophilic. The results showed an increased rate 
of methane production for the thermophilic systems and the 
ability to handle a reduction in HRT with an increased VS 
load. The research did not investigate a thermophilic 
with mesophilic configuration to determine the effective­
ness of this combination in overall treatment performance. 
Another two phase system was investigated involving 
the separation of the propionate degradation from other 
conversions involving hydrogen (Wiegant et al. 1986). The 
process investigated the separation of the methanogenesis 
of the thermophilic upflow submerged bed anaerobic reactor 
into two phases and compared it to the single stage meth­
anogenesis. The results revealed an improvement in per­
formance when the hydrogen inhibition to propionate degra­
dation was removed in the two stage system 
Tanaka and Matsuo (1986) investigated the use of a 
mesophilic two stage treatment scheme for dilute milk 
wastes (1500 mg/L COD). The system was compared to a 
mesophilic single stage treatment system. The two-stage 
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treatment system consisted of a CSTR first stage followed 
by a upflow anaerobic filter. The single stage system 
consisted of only the filter system. 
The results of the research showed the single stage 
system required a significantly longer start-up time than 
did the two-stage system. However, there was no signifi­
cant difference in the performance of the two systems at 
steady-state. The results also showed the successful 
separation of the acid and methane phase. The two-phase 
system was also able to handle shock loading more effec­
tively than was the single stage system. 
Two-stage anaerobic digestion of cheese whey was 
accomplished using anaerobic rotating biological contact 
reactors operated at mesophilic temperatures. The treat­
ment scheme was compared to single stage anaerobic rotat­
ing biological contact reactors. The two-stage system out 
performed the single stage process on the basis of total 
methane production (Lo and Liao, 1986). 
A two-stage system for the treatment of solid vegeta­
ble wastes was compared to single stage processes. The 
single stage processes were operated at thermophilic and 
mesophilic temperatures. The two-stage processes were 
operated with both thermophilic and mesophilic first 
stages and mesophilic second stages. The first stage was 
a completely mixed system while the second stage was an 
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anaerobic filter. 
The results showed a marked increase in methane 
production for the thermophilic CSTR over the mesophilic 
CSTR. When compared to the single stage processes the 
two-stage mesophilic system displayed a significant in­
crease in methane production while the two-stage thermo-
philic-mesophilic system showed little increase in methane 
production over the thermophilic CSTR (Verrier et al. 
1987). 
The results of a project by Howerton and Young, 
(1987) showed an improvement in performance for anaerobic 
filters operated in series as a two-stage system. The 
reactors were operated at mesophilic temperatures through­
out the study. The unique part of the project was the 
fact the reactors were operated in a cyclic mode of opera­
tion with the first stage being switched to the final 
stage after 60 to 70 days of operation. The key to im­
proved performance was the exposure of the first stage 
effluent to the high solids remaining in the second stage 
from when it operated as the first stage. 
In 1987, Ghosh reported on the results of two-phase 
research which investigated the use of mesophilic-meso-
philic,thermophilic-thermophilic,and mesophilic-thermo-
philic CSTR reactor configurations. The results of the 
two-phase systems were compared to that of CSTRs operated 
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at mesophilic and thermophilic temperatures. The systems 
were treating mixed primary and activated sludges. The 
results of the experiments indicated the two-phase systems 
were more stable than either the mesophilic or thermophil­
ic single stage systems. The research also demonstrated 
the ability of the two-phase systems to stabilize munici­
pal sludge at higher efficiencies and rates than those 
achieved by conventional CSTRs operated at mesophilic and 
thermophilic temperatures. 
In a study by Chang et al.(1989) a two-phase system 
was evaluated for the treatment of mixed primary and waste 
activated sludge. The first phase was a CSTR operated at 
mesophilic temperature with a second stage filter operated 
at thermophilic temperature. The results indicated the 
ability to reduce the HRT of the first stage from two days 
to one day but maintain the same level of volatile acid 
production. The overall methane production from the 
system was higher than for a conventional single stage 
system with the same volatile solids destruction. 
Mitsdorffer et al. (1990) reported on the operation 
of a two-stage anaerobic thermophilic-mesophilic digestion 
system for the treatment of municipal sludge. The system 
increased the level of stabilization and destruction of 
pathogens when compared to a conventional mesophilic CSTR 
system. 
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In recent years results of two-phase research con­
ducted in Japan has been published. The results of re­
search by Hanaki and associates on the treatment of oily 
cafeteria waste by single stage and two-stage anaerobic 
systems showed the single phase system was superior for 
effluent quality, while the two-phase system out performed 
the single stage system in methane conversion of COD 
removed (Hanaki et al. 1990). 
Aoki and Kawase (1991) reported on studies conducted 
on a high performance thermophilic two-phase digestion 
process. The process utilizes a CSTR operated at 70°C for 
the first phase (detention time = 20 days) and an anaero­
bic filter operated at 55°C for the second stage (deten­
tion time = 10 days). They studied decomposing volatile 
suspended solids in sewage sludge, with high acid genera­
tion and a high speed methane evolution reactor to reduce 
the retention time for anaerobic digestion. The results 
of their work showed the improved performance of a two-
phase system over that of a single phase system operated 
at thermophilic temperatures. 
The inhibitory effect of lipids and prevention of 
this inhibition in a two-phase anaerobic process were 
examined using laboratory reactors and batch experiments. 
Lipids were satisfactorily degraded in a two-phase anaero­
bic filter while in a single phase system inhibition 
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resulted in poor lipid degradation. The two phase system 
consisted of a suspended growth first phase and an anaero­
bic filter second stage operated at 20°C. The single 
phase system consisted of only an anaerobic filter operat­
ed at the same temperature and hydraulic retention time 
(Komatsu et al. 1991). 
The literature review of the two-phase systems indi­
cated a lack of research on the two-temperature system. 
The majority of the literature dealt with the use of 
completely mixed reactors for at least one phase. The 
systems were primarily interested in the separation of the 
acid and methane forming phases and not with the reduction 
in high load industrial wastes and polishing of the ther­
mophilic process effluent. 
The majority of the research on a two phase or two 
stage treatment system has been for use in the treatment 
of high suspended solids waste streams. 
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IV. EXPERIMENTAL APPROACH 
Reactor Construction 
The reactors were designed by the writer and con­
structed of Plexiglas by the Engineering Research Insti­
tute Machine Shop at Iowa State University. The shop 
constructed four identical reactors for this research. 
Each reactor consisted of three, two-foot sections 
with a bottom flange plate, a diffuser plate, and a top 
flange plate, as shown in Figure 2. The flange plates 
used for both the top and bottom are shown in Figure 3. 
The diffuser plate at the bottom of the reactor is shown 
in Figure 4. 
Each two-foot section of the reactors were identical. 
The reactor cylinder (Figure 5) consisted of a 12.7 cm (5 
in) Plexiglas tube 60.96 cm (2 ft) in length, an inside 
diameter of 11.43 cm (4.5 in), and a wall thickness of 
0.64 cm (0.25 in). The cylinder had a top flange (Figure 
6) with a 20.32 cm (8 in) outside diameter with an inside 
diameter of 12.7 cm (5 in) glued to the top of the cylin­
der, as shown in Figure 5. The flange contained a groove 
to accept a 0.318 cm (0.125 in) o-ring to allow the sec­
tion to be sealed when bolted together. 
The bottom of the reactor had a specially designed 
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Figure 2. Typical experimental reactor 
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Figure 3. Top and bottom flange plate 
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Figure 6. Flange for top of typical reactor cylinder 
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flange and deflector plate constructed as one piece, as 
shown in Figure 7. The outside diameter was 20.32 cm (8 
in) with a 8.89 cm (3.5 in) inside opening. The inside 
opening was beveled at 45° to act as a deflector to reduce 
wall effects. The deflector also served as a support for 
a 1/4" X 1/4" (0.635 cm X 0.635 cm) stainless steel mesh 
for media support. The flange contained a groove to allow 
the cylinder to be glued to the flange. 
At the mid point of the cylinder was a sampling port. 
The port was mounted to the cylinder with a 2.54 cm (1 in) 
diameter and 2.54 cm (1 in) long solid Plexiglas cylinder 
that had been bored to accept a stainless steel compres­
sion fitting for a 0.64 cm (0.25 in) stainless steel tube. 
The stainless steel tube was 15.24 cm (6 in) long to allow 
collection of the sample from the center of the column. 
A second 2.54 cm (1 in) solid Plexiglas cylinder was 
mounted 7.62 cm (3 in) above the sampling port. This 
cylinder was bored to accept a 0.32 cm (0.125 in) thermo­
couple and compression fitting for temperature control on 
the thermophilic reactors. This cylinder in the mesophil-
ic reactors was plugged with a brass plug. 
As shown in Figure 3, the top and bottom plate con­
sisted of a 20.32 cm X 1.27 cm (8 in x 0.5 in) diameter 
Plexiglas plate with a 1.59 cm (0.625 in) hole in the 
center to accept a 0.95 cm (0.375 in) brass male pipe 
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adapter. The pipe adapter allowed tygon tubing to be 
connected to the bottom and top of the reactor. 
Figure 4 shows the diffuser plate constructed from 
20.32 cm (8 in) diameter and 2.54 cm (1 in) thick Plexi­
glas. The diffuser was designed to ensure uniform distri­
bution of the influent feed across the bottom of the 
reactor. The diffuser has a center cavity to allow the 
mixing of the influent feed prior to entering the reactor 
and to avoid a coning of the influent that would occur 
with a single point feed. The feed enters the cavity in 
the center and is deflected outward to the four 2.54 cm (1 
in) diameter distribution holes. 
The reactor sections were all bolted together with 
12-0.952 cm X 5.08 cm (0.375 in X 2.0 in) hex-head bolts. 
The bottom section required 7.62 cm (3.0 in) long bolts to 
pass through the bottom plate, diffuser plate, and cylin­
der flange. 
Media 
The reactors were fully-packed with 1.59 cm (0.625 
in) plastic Flexiring media, (Koch Engineering Company 
Inc. Wichita, Kansas). The bed porosity for the reactors 
was determined to be 0.89 which gave a clean-bed volume of 
16.8 liters. The media has a specific surface area of 344 
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as reported by the manufacturer (Koch Engineering 
Inc.). 
Temperature Control 
The reactors were operated at two temperatures, ther 
mophilic (56° C) and mesophilic (35° C), throughout this 
research. The mesophilic temperatures were maintained by 
locating all the reactors within a constant 35° C temper 
ature room. The temperature was monitored daily with a 
wet bulb thermometer and temperature changes to the room 
were accomplished with a thermostat. 
The thermophilic units were housed in a special 
chamber constructed from Celotex insulation board. The 
chamber was heated with two 1.27 cm x 304.8 cm (0.5 in x 
120 in) extruded silicone rubber heat tapes. Each tape 
provided 520 watts to the chamber. The thermophilic 
temperatures were monitored and controlled with thermo­
couples in the reactors attached to Barnett Temperature 
Controllers which activated the heat tape to provide a 
constant temperature of 56° C. 
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Feed System 
The feed system, as shown in Figure 8, consisted of 
four refrigerated, 18-liter bottles to act as substrate 
reservoirs. The reactors were fed through tygon tubing 
from the refrigerator to the reactors. The feed tubing 
was housed in an insulated 1.91 cm (0.75 in) PVC pipe with 
cold water circulating through the piping to prevent 
spoilage of the substrate. 
The cold water jacket was maintained by coiling 
approximately 7.6 meters (25 ft) of tygon tubing in the 
freezer compartment of a refrigerator. The tubing was 
connected to the 1.91 cm (0.75 in) PVC pipe and the water 
was circulated using a Masterflex peristaltic pump with a 
size 18 pump head operated at 100 rpm. 
The feed was delivered to the reactors with the use 
of Masterflex peristaltic pumps using size 16 pump heads. 
The Masterflex pumps were 1 to 100 rpm with ten turn 
potentiometer speed controllers. The pumps were selected 
because of their ability to precisely control flow rates. 
The feed was controlled by measuring the daily amount of 
feed delivered from the 18 liter reservoir bottles. 
COLD WATER PUMP 
COLD WATER 
REFRIGERATOR 
FEED CONTAINERS 
FEED LINES 
COLD WATER JACKET LINES 
COLD WATER 
FEED TO REACTORS THROUGH MASTERFLEX PERISTALTIC PUMPS 
Figure 8. Milk feed system 
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Gas Measurement System 
The gas measurement system (Figure 9) consisted of 
two portions, gas/liquid separation and gas measurement. 
The gas/liquid separation section was designed to separate 
the gas from the liquid effluent stream. The gas/liquid 
stream was introduced into the top of a 4 liter aspirator 
bottle where a liquid level was maintained to prevent 
escape of the gas through the liquid effluent tube. The 
gas left the top of the aspirator bottle while the liquid 
was discharge through the bottom. The gas then flowed 
through a water trap to prevent backflow of gas and cap­
ture any excessive foam. 
The gas was measured by a Rebel Point Wet Tip Gas 
Meter. The meter works by counting the number of tips of 
the tipping mechanism. The meter was calibrated to tip 
every 100 ml of gas collected. 
Substrate 
The substrate used for this study was a synthetic 
waste made from low heat, non-fat dry milk (NFDM) supple­
mented with trace minerals essential to proper microbial 
growth. The substrate was selected because it provided a 
complex material high in carbohydrates and protein. The 
LIQUID/GAS INFLUENT 
I 
GAS METER 
GAS/LIQUID 
SEPARATION 
BACKFLOW 
TRAP 
LIQUID EFFLUENT 
Figure 9. Gas measurement system 
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low heat type milk was selected because it contains higher 
levels of nitrogen. 
The NFDM has a COD of 1.03 g COD/g NFDM and a BODg of 
0.49 g BOD/ g NFDM. The properties of the NFDM are pre­
sented in Table 6 and follow those reported by Chiang 
(1988). 
To ensure proper microbial growth, trace minerals 
were added to the NFDM solution. The trace minerals were 
added at a rate of 0.1 ml/g NFDM from a stock solution 
described in Table 7. The trace mineral solution is 
similar to that of Chiang which was shown adequate for 
anaerobic microbial growth. 
The substrate was prepared by adding the NFDM to City 
of Ames tap water. The appropriate amount of NFDM was 
weighed to obtain a desired waste strength. The NFDM was 
added to a blender along with the tap water, trace miner­
als, and sodium bicarbonate, if required. The blended 
solution was then added to tap water to bring the mixture 
to 18 liters. The mixture was stirred to ensure a uniform 
solution prior to feeding to the reactors. The contents 
were then placed in a refrigerator at about 4° C to pre­
vent spoilage during the feeding cycle. 
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Table 6. Properties of the non-fat dry milk (NFDM) 
Parameter Values Units Reference 
COD 1.03 g/g NFDM This study 
BODs 0.49 g/g NFDM This study 
TOC 0.21 g/g NFDM Chiang 
TKN 5.4 g/100 g NFDM Chiang 
T-POa 2.2 g/100 g NFDM II 
Fat <1.0 g/100 g NFDM Swiss Valley 
Lactose 51.0 g/ioog NFDM Swiss Valley 
Protein >36.0 g/100 g NFDM Swiss Valley 
Particle 
Size 
98% thru 
#40 sieve 
Swiss Valley 
Ash 8.2 % Swiss Valley 
Solub. Index <1.25 % Swiss Valley 
Standard Plate 
Bacterial Count 
50,000 counts/g NFDM Swiss Valley 
Trace Minerals 
Fe 4.6 ppm of NFDM Chiang 
Ni 1.0 ppm of NFDM Chiang 
Co 0.8 ppm of NFDM Chiang 
Mo 3.0 ppm of NFDM Chiang 
Zn 15.0 ppm of NFDM Chiang 
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Table 7. Recipe for trace mineral stock solution 
Chemical Compound Quantity 
FeCl2*4H20 35.60 g/L 
ZnCl 2 2.08 g/L 
NiClg'GHgO 4.05 g/L 
CoCl2*6H20 4.04 g/L 
MnCl2"4H20 3.61 g/L 
Experimental Set-up 
Phase I experimental set-up 
The experimental set-up utilized for Phase I consist­
ed of two thermophilic and two mesophilic reactors. The 
four reactors were operated for Phase I which consisted of 
three hydraulic retention times (HRTs) at various organic 
loadings. 
Figure 10 illustrates both the thermophilic and 
mesophilic reactor systems. The reactor columns consisted 
of three plexiglas sections, previously described, bolted 
together with a diffuser plate at the bottom and end 
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Figure 10. Typical mesophilic and thermophilic reactor system 
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plates at both the top and bottom. The reactor was fully 
packed with the media previously described. The reactors 
each had a clean-bed volume of 16.8 liters. 
The thermophilic and mesophilic reactor systems 
consist of all the same components with the exception of 
the temperature controls for the thermophilic system. The 
reactor systems include a feed reservoir, which is a 20 
liter light gage carbouy stored in a refrigerator during 
the feed cycle (Figure 8). 
The feed leaves the reservoir through a 0.95 cm 
(0.375 in) tygon tube which was inside a 1.91 cm (0.75 in) 
PVC pipe cold water jacket. The feed was drawn through 
the tubing using a Masterflex 10 turn 1-100 rpm pump with 
a size 16 pump head. The feed entered the bottom and the 
effluent exits the top of the reactor. 
After discharge, the effluent splits with 50 % going 
for recycle and 50% to the gas/liquid separator (Figure 
9). The recycle was maintained at 100% of the influent 
rate. If the influent feed pump was set at 50 ml/min the 
recycle pump was set at the same rate. The recycle was 
pumped with a Masterflex 1 turn 1-100 rpm pump with a size 
16 pump head. The recycle pump was calibrated using a 
graduated cylinder and timing the measured flow. 
The effluent going to the gas/liquid separator enters 
a 4 liter aspirator bottle where the gas separates from 
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the liquid and passes through a backflow preventer. The 
gas then passed through a gas sampling tube prior to a 
Rebel Point Wet Tip Gas Meter. 
The liquid was discharged from the aspirator bottle 
through a nipple on the bottom. The liquid passes through 
tygon tubing which is looped to ensure proper liquid head 
is maintained to prevent loss of the gas through liquid 
effluent tube. 
The thermophilic reactor systems also contain tem­
perature controllers. Temperature control was ac­
complished with a thermocouple at the mid-point of the 
reactor column tied to a temperature controller. The 
temperature controller activates heat tape in an insulated 
chamber that housed the thermophilic reactors. 
The reactors were assembled in the constant tempera­
ture room by first constructing a platform from plywood. 
The platform was made from 3/4 in. plywood and 2 in.x 4 
in. lumber. The platform was designed to elevate the 
bottom of the reactor one foot off the floor to allow 
feeding through the bottom. In order to stabilize the 
reactors the platform was built with a shelf at the five 
foot level that encircled the reactors to prevent tipping. 
The platform also had a shelf at the top of the reactors. 
The platform was two feet deep and five feet long. 
The bottom of the platform had four 1 inch holes evenly 
88 
spaced to allow the feed tubes to attached to the bottom 
flange of each reactor. The platform shelf had four 9 
inch holes centered above the holes in the platform bottom 
which allowed the reactors to be lift through the hole but 
would not allow the reactors to tip over. 
The shelf was used to hold the gas meters and the 
bracket stands used to hold gas sampling tubes and all the 
tubing leaving the reactors. Attached to the shelf at the 
top of the reactors was another shelf made of 2 in. x 4 
in. lumber used to hold the gas/liquid separation vessels 
and the backflow prevention bottles. The bottom of the 
platform was used to hold the temperature controller and 
all the feed and recirculation pumps. 
The reactors were assembled by first placing the 1/4 
in. X 1/4 in. stainless steel mesh in the bottom of each 
cylinder section. The bottom section then had the dif­
fuser plate and the bottom flange attached. The next step 
involved the inserting of the sampling tube into the 
cylinder through the compression fitting in the plexiglass 
tube on the side of the cylinder. The cylinder was then 
fitted with a thermocouple for the thermophilic reactors 
while the mesophilic reactors were fitted with a brass 
plug in the plexiglass fitting designed to hold the ther­
mocouple . 
The cylinder was then filled with the 5/8 inch Flexi-
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rings and gently bounced to cause maximum compaction of 
the media. This procedure, with the exception of the 
diffuser plate and bottom plate, was repeated for the 
middle cylinder and the top cylinder. Once these sections 
were securely fastened together the top flange was at­
tached completing one reactor. The process was repeated 
for all four reactors. 
Phase II experimental set-up 
For the Phase II experiments, the set-up consisted of 
two systems each containing one thermophilic reactor 
followed by one mesophilic reactor, as shown in Figure 11. 
The thermophilic system was the same as for Phase I with 
the exception that the liquid effluent was collected in an 
18 liter carbouy. The setup for the mesophilic unit was 
the same as for Phase I except effluent from the thermo­
philic reactor was used as feed to the mesophilic reactor 
in the two-temperature system. 
Both the thermophilic and the mesophilic reactors 
were operated at the same HRT. In order to ensure the 
HRTs were the same, the pump drive was fitted with two 
size 16 pump heads. The gas from each temperature phase 
was measured separately. 
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Figure 11. Typical thermophilic-mesophilic two-temperature reactor system 
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Loading Rates 
Phase I 
The loading rates for the thermophilic and mesophilic 
reactors are listed in Table 8. The Phase I loading rates 
were started at 2.75 g/L/day at an HRT of 48 hours. The 
COD loading rates were increased in increments of 2.75 
g/L/day until saturation loading was achieved. Saturation 
loading was defined as that point where an increase in COD 
load did not result in additional COD removal. An excep­
tion to this was for the thermophilic units at an HRT of 
12 hours when the COD loads were increased in increments 
of 5.5 g/L/day and saturation loading was not achieved 
within the experimental design loadings. 
The loading rates were all based on TCOD. The NFDM 
had a TCOD of 1.03 g COD/g NFDM which was used to deter­
mine the appropriate amount of NFDM to add to the feed 
stock. The CODs of the feed stock were verified by run­
ning CODs on the stock solution. 
The range of loadings for the Phase I work varied 
from 2.75 g/L/day to 49.5 g/L/day (172 to 3090 lb/1000 cu 
ft /day) for the thermophilic reactors. The mesophilic 
loadings varied from 2.75 g/L/day to 22.0 g/L/day (172 to 
1375 lb/1000 cu ft /day). The maximum loading rates were 
based on the saturation loading of a given temperature 
system. 
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Table 8. Loading rates for phase I 
Loading Rate, g/L/day 
Thermophilic HRT, hours Mesophilic HRT, hours 
48 24 12 48 24 12 
2.75 2.75 2.75 2.75 2.75 2.75 
5.5 5.5 5.5 5.5 5.5 
8.25 8.25 8.25 8.25 8.25 8.25 
11.0 11.0 11.0 11.0 11.0 
13.75 13.75 13.75 13.75 13.75 13.75 
16.5 16.5 16.5 16.5 
19.25 19.25 19.25 19.25 19.25 
22.0 22.0 22.0 22.0 
24.75 24.75 24.75 
27.5 27.5 
30.25 30.25 30.25 
33.0 33.0 
35.75 35.75 35.75 
38.5 38.5 
41.25 41.25 
49.5 49.5 
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Phase II 
The loading rates for the thermophilic-mesophilic 
system were dependent on the loading rates of the thermo­
philic phase. The loading rates were determined for the 
entire clean-bed volume of the system, however, the load­
ing was determined for the thermophilic phase based on the 
loads applied in the Phase I work. The loads applied for 
these preliminary studies on the two temperature phase 
attached growth system are provided in Table 9. 
The loadings on the thermophilic-mesophilic system 
ranged from 4.125 g/L/day to 24.75 g/L/day (257 lb/1000 cu 
Table 9. Loading rates for the thermophilic-mesophilic 
system 
Loading rate, g/L/day 
HRT = 48 hours HRT = 24 hours 
4.125 6.875 
8.25 9.625 
11.0 12.375 
13.75 15.125 
16.5 17.875 
20.625 20.625 
24.75 24.75 
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ft/day to 1544 lb/1000 cu ft/day). These loads created an 
equivalent load of 8.25 g/L/day to 49.5 g/L/day (515 
lb/1000 cu ft/day to 3089 lb/ 1000 cu ft/day) on the 
first-stage thermophilic reactors. 
Temperature of Operation 
The purpose of the Phase I studies was to compare the 
results of reactors operated at thermophilic and mesophil-
ic temperatures. The temperatures of 56° C for the ther­
mophilic reactors and 35° C for the mesophilic reactors 
were decided to be most appropriate based on previous 
research reports in the literature. It was the goal of 
this research to operate at these temperatures within a ± 
1° C. 
Sampling and Analysis 
Sample collection 
Samples were routinely collected for analysis of 
TCOD, SCOD, VFA, ammonia, gas composition, Ph, alkalinity, 
and solids. The method and location of the sampling was 
dependent on the analysis to be performed and the material 
being sampled. 
Samples were collected at a minimum of once a week 
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for each parameter and more frequently when quasi-steady 
states were reached. Quasi-steady state for this research 
was defined as when the methane production varied less 
than 5 percent for three consecutive readings. Table 10 
gives the sampling frequency for routine sampling and 
quasi-steady state sampling. 
Analytical methods 
Table 10. Sampling frequency throughout research 
Parameter Routine 
Sampling 
Quasi-steady State 
Sampling 
COD weekly every other day 
VFA weekly weekly 
gas twice weekly every other day 
solids weekly twice weekly 
pH daily daily 
ammonia weekly twice weekly 
alkalinity weekly twice weekly 
a. Chemical oxygen demand The Chemical Oxygen 
Demand (COD) procedure followed was Standard Method 508 B, 
Oxygen Demand (Chemical, closed reflux, titration method) 
20 X 150 mm culture tubes were used as the digestion ves-
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sels which required the following quantities: 
sample 5 ml 
potassium dichromate 3 ml 
sulfuric acid reagent 7 ml 
At these quantities the method allows for a measurement of 
up to 480 mg O2/L. Because most of the samples analyzed 
were beyond this level, appropriate dilutions were re­
quired. The dilutions were accomplished using the appro­
priate volumetric flask. Duplicates of each sample were 
run to increase the reliability of the results. 
The COD was calculated as follows; 
COD as mg/L = fA-Bl x M x 8000 X D 
ml of sample 
where, 
A = ml of ferrous ammonium sulfate 
(FAS) used for the blank 
B = ml FAS used for sample 
M = molarity of FAS titrant 
D = dilution factor of the sample 
Total COD (TCOD) and soluble COD (SCOD) were run on 
each sample collected. The TCOD was run on a well mixed 
portion of the collected sample. The SCOD was determined 
on the filtrate of the sample which passed through a 4.5 
cm GFC glass fiber filter paper. The filtered samples 
were accomplished using Buchner funnels and filter flasks 
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attached to a vacuum pump. 
b. Volatile fatty acids Throughout the research 
the volatile fatty acids were analyzed by the Analytical 
Services Laboratory in the Department of Civil and Con­
struction Engineering. The analysis was performed on the 
Hewlett Packard 573OA Gas Chromatograph. The operating 
parameters for the GC are presented in Table 11. 
The samples for the VFA analysis were collected from 
the effluent of each reactor. The samples were acidified 
with phosphoric acid to a pH of 2 and then filtered twice 
through GFC glass fiber filters prior to the analysis. 
The samples were normally analyzed within 2 hours of their 
collection. 
c. Gas analysis Gas analyses were performed 
normally twice weekly using a Hewlett Packard 5730A Gas 
Chromatograph (GC). The gas was analyzed for N2, CH^, and 
CO2. A calibration gas containing 5% Ng, 70% CH^, and 25% 
CO2 was used to establish a standard curve. The specifi­
cation for the GC configuration for gas analysis is given 
in Table 12. 
The samples were collected from the in-line gas 
sampling tubes by means of a 1 ml syringe fitted with a 
side port needle. The syringe was purged twice with 
98 
sample gas prior to collecting a sample for analysis. A 
0.9 ml sample was injected into the GC immediately after 
collection. Each sample was run in duplicate with the 
average of the two runs being used to determine the per­
cent concentrations of N2, CH^, and CO2 in the biogas. 
Table 11. GC operating parameters for volatile acids 
analysis 
Item Specification 
Gas chromatograph 
Column 
Packing 
Detection limit 
Temperature 
Carrier gas 
Flowrate 
Detector 
Hydrogen/air 
flowrate 
Temperature 
Hewlett Packard 573OA 
4 ft X 4 mm I.D. glass 
GP Carbopack C/0.3% Carbowax 
20 M/0.1% H3PO4 
ppm level 
120° C 
Helium 
50 ml/min 
Flame ionization 
40/240 ml/min 
200° C 
Injection port temperature 200° C 
Sample size 1 uL 
Data station Maxima data station 
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Table 12. GC operating parameters for biogas analysis 
Item 
Gas Chromatograph 
Column 
Packing 
Temperature 
Carrier gas 
Flowrate 
Detector 
Temperature 
Injector block temperature 
Sample size 
Data Station 
Specification 
Hewlett Packard 573OA 
6 ft. X 0.125 in. I.D., 
stainless steel 
Porapak Q, 80/100 mesh size 
Ambient 
Helium 
30 ml/min 
Thermal Conductivity 
200° C 
100° C 
0.9 ml 
Maxima data station 
d. Solids analysis Solids analyses were run when 
the reactor was at quasi-steady state. Total and volatile 
suspended solids were performed according to Standard 
Methods, sections 209 C and 209 D, respectively, except 
for the following modifications: 
209 C 
- Filters were not washed prior to weighing. 
Instead blanks were used to determine mass 
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changes. 
- A 10 ml sample size was used throughout the 
research. 
- Only one 10 ml washing was conducted. 
- Only one cycle of drying, cooling, 
desiccating, and weighing was utilized. 
209 D 
- Only one cycle of drying, cooling, 
desiccating, and weighing was utilized. 
The 9 cm GFÀ glass fiber filter papers were used for 
the solids analyses. The papers were dried in aluminum 
planchet weighing dishes. Each of the samples was run in 
duplicate with two blanks being run with each set of 
solids analysis. The solids were run on the effluent from 
each of the reactors. The following equations were used 
to determine the total suspended (TSS) and volatile sus­
pended solids (VSS) for each sample. 
TSS, mg/L = fA-B+Cl riooo ma/g^ fl000ml/Ll 
sample volume, ml 
where, 
A = weight of filter + planchet + dried 
residue,g 
B = weight of filter + planchet, g, 
C = weight loss of blanks, g 
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VSS, mg/L = (A-D+C-El flOOO ma/al flOOO ml/L) 
sample volume, ml 
where, 
A = weight of filter + planchet + dried 
residue, g, 
C = weight loss of blanks after drying, g, 
D = weight of filter + planchet + residue after 
ignition, g, 
E = weight loss of blanks after ignition, g. 
e. pH All pH readings were determined using a 
Altex pH Meter, Model 4500, Digital. The pH meter was 
calibrated daily with a buffer of pH 7. 
Reactor samples were measured immediately after 
collection to reduce pH changes due to release of COg. 
The probe was washed with distilled water between each 
sample. 
f. Ammonia Ammonia was determined by use of an 
Orion ammonia probe with the procedures outlined in the 
instructions with the probe. The procedure used an ammo­
nia probe with an Altex pH meter. Model 4500, Digital 
operated in the mV mode. Samples of the effluent from 
each reactor were collected just prior to the analysis. 
The procedure used three standards to develop a 
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standard curve. The standards were at 10, 100, and 1000 
mg/L, as N. A 25 ml sample of the standard solution was 
placed in a 50 ml beaker with a magnetic stirring bar. 
The pH on the standard sample was raised by the addition 
of 2 ml of 6N NaOH. The sample was then placed on a 
magnetic stirrer and the probe placed in the liquid such 
that just slightly more than the membrane was submerged in 
the liquid. 
The meter was turned to the mV function and readings 
were taken when the meter reached a minimum value. The 
procedure was repeated for all the standards and effluent 
samples. The results were then placed on a standard curve 
and the values determined for the concentration in the 
unknown samples. 
The values of the unknowns were determined by plot­
ting the standards on an xy plot with the millivolt read­
ing on the x-axis and the log of the concentrations on the 
y-axis. The equation of a straight line is then used to 
determine the unknowns in the following manner: 
Y = mX + b 
where, 
Y = the dependent variable( log of std. 
concentration) 
m = the slope of the regression line 
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X = the independent variable( millivolt read 
ing) 
b = the y intercept 
The ammonia concentration is then determined from the 
following formula: 
Ammonia, mg/L as N = 10^^ ^  reading + B) 
g. Alkalinity The total alkalinity was determined 
by Standard Method 403. The alkalinity was determined 
twice weekly throughout the study. A sample of the 
The alkalinity of the sample was determined using the 
following equation; 
Total alkalinity, mg/L = A x N x 50.OOP 
ml of sample 
where, 
A = ml of standard acid used, 
N = normality of standard acid. 
All analytical results were compiled on spread sheets 
for use in the generation of graphical presentations of 
the data. 
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V. START-UP 
Phase I 
When all four reactors were assembled, the reactors 
were filled with tap water to determine the porosity and 
clean-bed volumes of the reactors. The reactors were all 
determined to have a porosity of 89% and a clean-bed 
volume of 16.8 liters. 
The reactors were seeded with screened primary anaer­
obic digester sludge from the Ames, Iowa, Water Pollution 
Control Plant. The seed was added after a 50% dilution 
with City of Ames tap water. After the addition of the 
seed the reactors were allowed to sit for 24 hours before 
feeding began. This was to allow the dissolved oxygen 
level to return to zero. 
The reactors were all operated at 35° C for the first 
24 hours at which time the thermophilic reactors were 
increased in temperature from 35° C to 56° C over a period 
of a approximately 6 hours. The temperature of the meso-
philic reactors was maintained at 35° C for the entire 
project. 
The reactors were initially loaded at a rate of 0.5 g 
COD/L/day for the first 60 days. This was to provide time 
for the reactors to acclimate to the feed and for the 
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microorganisms in the thermophilic units to adapt to the 
change in temperature. 
Throughout the start-up phase, the feed was supple­
mented with alkalinity in the form of sodium bicarbonate 
to ensure adequate buffer to maintain a pH of approximate­
ly 7 in the reactors. After a period of 60 days, the 
reactors were increased to the first loadings of 2.75 
g/L/day. 
Phase II 
The start-up for Phase II involved the switching of 
the feed for the mesophilic reactors from the NFDM sub­
strate to the effluent from the thermophilic reactors. To 
allow time for the mesophilic reactors to acclimate to the 
change in the feed, the mesophilic reactors were fed the 
effluent at a 48 hour HRT. The effluent was from the 
thermophilic reactors operated at an organic loading of 
8.25 g COD/L/day and HRT of 24 hours. 
The reactors were allowed to operate in this mode for 
a period of one week prior to the beginning of the phase 
two studies. The reactors responded immediately to the 
new feed and showed no signs of stress. 
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VI. RESULTS AND DISCUSSION 
Phase I 
Data analysis 
The primary parameters analyzed to determine reactor 
performance were COD removal and methane production. Both 
the total and soluble COD removal rates were monitored and 
analyzed. Methane production was monitored daily and an 
average for each loading rate determined for use in com­
paring performance at the different temperatures and HRTs. 
COD removal 
The performance data for the thermophilic and meso-
philic reactors, based on COD removals at the three HRTs 
investigated, are presented in Tables 13 and 14. The COD 
removal results were the primary indicator used to evalu­
ate reactor performance throughout the research. The data 
are presented graphically in Figures 12 through 33. 
Figures 12 and 13 show the total COD removals for the 
reactors at thermophilic and mesophilic temperatures, 
respectively. The figures show that although the meso­
philic reactors were able to achieve higher removals at 
the 48 hour HRT than were the thermophilic reactors, the 
maximum organic load which the mesophilic system was able 
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Table 13. Percent total COD removals for the thermophilic 
and mesophilic reactors 
Total COD Removals. % 
TCOD Applied Thermophilic HRT, hrs Mesophilic HRT, hrs 
g/L/day 48 24 12 48 24 12 
2.75 88.5 83.7 64.3 90.8 71.9 64.2 
5.50 87.8 80.7 90.3 69.2 55.7 
8.25 82.7 80.1 65.7 83 .9 67.7 43.8 
11.00 84.5 83.4 81.0 67.9 35.0 
13.75 82.5 83.1 65.0 79.6 59.8 23.7 
16.50 81.3 83.3 79.7 47.5 
19.25 78.0 81.7 68.0 83.1 47.0 
22.00 72.4 81.7 58.1 54.1 
24.75 72.5 77.3 68. 2 
27.50 69.1 74.3 
30.25 68.0 79.7 68.5 
33.00 63.2 79.9 
35.75 56.8 74.7 72.4 
38.50 51.2 74.8 
41.25 —  —  — —  74.9 65.7 
49.50 MB — 67.4 67.4 
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Table 14. Percent soluble COD removals for the 
thermophilic and mesophilic reactors 
Soluble COD Removals. % 
TCOD applied Thermophilic HRT, hrs Mesophilic HRT, hrs 
g/L/day 48 24 12 48 24 12 
2.75 90.4 88.5 74.5 97 .9 91.3 79. 6 
5.50 90.4 89.2 —  —  —  —  97 .3 89.2 65. 9 
8.25 91.4 89.2 75.1 96 .7 90.5 60. 2 
11.00 90.0 92.2 —  —  —  —  96 .5 90.7 60. 2 
13.75 90.0 91.8 75.4 96 .1 90.4 47. 9 
16.50 91.3 91.3 93 .2 89.8 
19.25 88.2 91.2 79.0 94 .9 81.2 
22.00 85.6 91.3 86 .1 70.8 
24.75 81.9 87.2 79.3 
27.50 79.9 82.0 
30.25 78.1 89.1 78.3 
33.00 70.1 91.7 
35.75 66.8 87.5 81.3 
38.50 54.2 87.3 
41.25 —  —  — —  87.1 79.1 
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to achieve was only about half that of the thermophilic 
system. At HRTs less than 48 hours, the thermophilic 
reactors were not only able to handle the higher organic 
loads but also the removal efficiencies for the thermo­
philic units were equal to or greater than that of the 
mesophilic reactors at equal HRTs. 
The soluble COD removals in Figures 14 and 15 follow 
the same trends as the total removals with the mesophilic 
reactors showing a significant reduction in performance at 
lower HRTs. The thermophilic reactors, on the other hand, 
displayed only a slight change in removal at the lower 
loadings at HRTs of 48 and 24 hours. The thermophilic 
reactors showed a decrease in performance at the 48 and 24 
hour HRTs. The 12 hour HRT showed a decreased removal at 
lower organic loadings but had a slight increase in remov­
al efficiency as the organic load increased. The 12 hour 
HRT had the same removal efficiency at a load of 49.5 
g/L/day as was achieved at the 24 hour HRT with no signs 
of system failure. 
Figures 16, 17, 18, and 19 show the soluble and total 
COD removed versus the total COD applied for both the 
thermophilic and mesophilic reactors. By plotting the 
data in this manner one can see that the thermophilic 
reactor was removing virtually the same amount of both 
total and soluble COD at loads below 20 g/L/day for HRTs 
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of 48 and 24 hours. At loadings above 20 g/L/day, the 
removal efficiency of the reactor operated at a 48 hour 
HRT began to decrease. The thermophilic 48 hour HRT 
reactor displayed saturation loading above a 30 g/L/day 
load. 
The 12 hour HRT thermophilic reactor operated at 
lower removal efficiencies for all but the highest organic 
load. The 12 hour HRT was able to surpass the performance 
of the 48 hour HRT at an organic load of 30.25 g/L/day. 
The 12 hour HRT performance shows a linear removal rate 
over the loading range of 2.75 g/L/day to 49.5 g/L/day 
while both the 48 and 24 hour HRT data show significant 
decreases in removal rates at 30.25 g/L/day and 41.25 
g/L/day, respectively. 
Figures 16 and 17 also show the performance of the 
thermophilic reactor at a 12 hour HRT to be quite linear 
across the range of the loadings and never reaching satu­
ration loading. The 12 hour HRT removals remained below 
that of the 24 hour HRT removals until the final loading 
of 49.5 g/L/day at which point the 24 hour HRT unit was 
displaying signs of saturation loading. 
The mesophilic reactors show saturation loading at 
each of the HRTs. Figure 18 shows that saturation load­
ings were occurring at lower organic loadings with de­
creasing HRT. There was a significant reduction in the 
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organic load that was achieved at a 12 hour HRT as com­
pared with HRTs of 24 and 48 hours. Figure 19 does show 
the same basic trends with the total COD removed as did 
Figure 18 for soluble COD. In Figure 19, the 24 hour HRT 
displays a reduction in removal for loadings of 15 to 20 
g/L/day, however this can be correlated with an increase 
in solids in the effluent and is not due to saturation 
loading. 
From the COD data, the effect of both organic load 
and HRT on the ability of the reactors to remove COD can 
be seen. The thermophilic reactors were able to accept 
higher organic loads as the HRT was decreased. The meso-
philic reactors were just the opposite, with saturation 
loading occurring at lower COD loadings as the HRT was 
reduced. 
COD vs HRT results 
One of the best methods to present the data showing 
the effect of organic load and HRT changes is to plot COD 
removals versus HRT. The effect of organic load on the 
performance of the reactor is measured for each HRT. If 
the organic load does not have an effect, the removal 
efficiency at a given HRT will not change as the organic 
load is increased. However, if the organic load is af­
fecting the performance, then as the load is increased the 
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removal efficiency decreases. 
The same is true of HRT, except to determine the 
effect of HRT, the system must be evaluated at the same 
organic load at different HRTs. If there is no effect due 
to HRT, then the removal efficiencies for a given organic 
load at different HRTs will remain constant. 
The mesophilic reactors appear to be affected by both 
organic load and HRT. Figures 20 and 21 show an overview 
of the entire range of loadings investigated by displaying 
selected COD loadings that cover the entire range of 
loadings investigated. Figures 22, 23, 24, and 25 show 
the results of all the COD loadings investigated. From 
Figure 20 and 21 it can be seen that the organic load did 
not have a large impact at the 48 hour HRT until the 
higher loads were achieved. 
Figures 20 through 25 also show that as the HRT was 
decreased the removal efficiency was significantly affect­
ed at all organic loadings with respect to TCOD removals. 
The SCOD removals show a definite decrease in removal 
efficiency, but the rate of decrease was less than that of 
TCOD. 
The figures also show how organic loading became more 
significant as the HRT was reduced. At an HRT of 24 hours 
the increase in organic load began to have an effect at 
loadings of 13.75 g/L/day. As the organic load was in-
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creased the removal efficiencies decreased and continued 
to decrease as the HRT was reduced. For the mesophilic 
reactors, the effect of both HRT and organic load can be 
seen in Figures 20 through 25. 
The overall results show that for mesophilic systems 
the effect of organic load increases as the HRT decreases. 
The results also show that the effect of HRT is a reduced 
COD removal efficiency at lower HRTs. 
The thermophilic reactors do not show the same re­
sponse pattern to HRT or organic load changes as do the 
mesophilic systems. Figures 26 and 27 give an overview of 
the responses to the changes in HRT and organic load based 
on TCOD and SCOD removals, respectively. Figures 26 and 
27 also show that the thermophilic reactors were able to 
achieve a significantly higher organic load than were the 
mesophilic units. Figures 28 through 33 show the entire 
range of organic loading for each of the HRTs. 
The general pattern that is displayed by Figures 26 
and 27 do, however, hold for the remaining figures; i.e., 
as the HRT is reduced the effect of organic load is re­
duced. The 48 hour HRT displays an effect from increased 
organic load with a reduction in COD removal rate. With a 
decrease in HRT to 24 hours, the COD removals remain 
constant for the lower loadings and increase for the 
higher organic loadings over that of the 48 hour HRT 
100 
90-
80-
^ 70-
g 60-
O 
g 50-1 
OC 
Q 40-
O 
H 30-
20-
10-
2.75 G/UDAY 
13 75 G/L/DAY 
19 25 G/UDAY 
24 75 G/UDAY 
X 
30 25 G/UDAY 
38 5 G/UDAY 
0- "T~ 
5 
—1 
15 0 10 20 25 
HRT, HOURS 
—I 
30 35 To" 50 
Figure 26. Thermophilic total COD removal vs. HRT for loads of 2.75, 13 
24.75, 30.25, and 38.5 g/L/day 
_r 
i 
lU 
DC 
Q 
O 
O U) 
100-
90-
80-
70-
60-
50-
40-
30-
20-
10-
0 
2.75 G/L/DAY 
13.75 G/UDAY 
19.25 G/L7DAY 
24.75 G/L/DAY 
X 
30.25 G/UDAY 
38.5 G/L/DAY 
0 
—r 
5 10 
—I 
15 20 25 
HRT, HOURS 
30^ 
—, 
35 
H 
to 
VO 
40 45 50 
Figure 27. Thermophilic soluble COD removal vs. HRT for loads of 2.75, 13.75, 19.25, 
24.75, 30.25, and 38.5 g/L/day 
100-
90-
80-
70-
60-
50-
40-
30-
20H 
10-
0-
0 10 15 20 25 30 
HRT, HOURS 
35 
2.75 G/L/DAY 
5.5 G/UDAY 
8.25 G/L/DAY 
11.0 G/L/DAY 
13.75 G/L/DAY 
16.5 G/L/DAY 
45 50 
M 
W 
O 
Figure 28. Thermophilic total COD removal vs. HRT for loads of 2.75, 5.5, 8.25, 11.0, 
13.75, and 16.5 g/L/day 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
hei 
0 . ;  
19.25 G/L/DAY 
2?.0 G/L/DAY 
24.75 G/L'DAY 
27.5 G/UDAY 
30.25 G/UDAY 
33.0 G/UDAY 
lo 15 S S 30 35 40 45 50 
HRT, HOURS 
•philic total COD removal vs. HRT for loads of 19.25, 22 
, and 3 3.0 g/L/day 
100-
90-
80-
70-
60-
50-
40-
30-
20H 
10-
0-
0 
—f— 
5 
41.25 G/L/DAY 
49.5 G/L/DAY 
35.75 G/L/DAY 
38.5 G/L/DAY 
10 
—I— 
15 20 25 
HRT, HOURS 
30^ 35 40 45 50 
W 
CO 
Figure 30. Thermophilic total COD removal vs. HRT for loads of 35.75, 38.5, 41.25, and 
49.5 g/L/day 
100-
90-
80-
70-1 
60-
50-1 
40-Q 
O 
w 30 
20-
10-
0-
0 
—I— 
5 10 15 20 25 30 
HRT, HOURS 
35 40 
2.75 G/UDAY 
5.5 G/L/DAY 
8.25 G/iyDAY 
11.0 G/L/DAY 
13.75 G/UDAY 
16.5 G/L/DAY 
45 50 
H 
W 
W 
Figure 31. Thermophilic soluble COD removal vs. HRT for loads of 2.75, 5.5, 8.25, 11.0, 
13.75, and 16.5 g/L/day 
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removals. At a 24 hour HRT, the removal efficiencies 
remain fairly constant until a loading of 49.5 g/L/day is 
reached. This is saturation loading for the thermophilic 
24 hour HRT. 
The continued reduction in HRT to 12 hours produced a 
lower removal rate for the reactors, but again the remov­
als remained constant as COD loadings were increased. The 
12 hour HRT thermophilic reactor system did not reach 
saturation loading. The effect of reduced HRT can be seen 
in the reduction of HRT from 24 to 12 hours, but there was 
no negative effect displayed in the reduction of HRT from 
48 to 24 hours. In fact, the reduction in HRT from 48 
hours to 24 hours actually produced a positive effect on 
removal efficiency. Figures 28 through 33 show the in­
crease in removal performance for the higher organic loads 
as the HRT was reduced. 
The thermophilic reactors did not respond in the same 
manner as the mesophilic units. Therefore, the mechanisms 
which affect the removals in the two systems must be 
different. 
Ammonia and volatile acids 
To determine the factors that may be playing a role 
in removal rates for the different reactor systems, it is 
important to review the data for the volatile acids and 
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ammonia concentrations. The data for the mesophilic and 
thermophilic systems are presented in Figures 34, 35, 36, 
and 37. 
Figure 34 shows an increase in volatile acids as the 
organic loads were increased and as the HRT was reduced 
from 48 to 24 hours in the mesophilic system. However, 
this increase was not displayed when the reactor HRT was 
reduced to 12 hours. This can be explained by the very 
low COD removals that were being achieved at the 12 hour 
HRT which, in turn, would be producing small quantities of 
volatile acids. 
The thermophilic reactors (Figure 35) showed the 
typical high levels of volatile acids that often have been 
reported in the literature. Many consider this to be the 
major problem with thermophilic treatment systems. The 
volatile acids for the 48 hour HRT were significantly 
higher than those reached at the other HRTs. The levels 
for the 48 hour HRT were much higher than would be expect­
ed for a mesophilic system that was still operating. The 
volatile acids concentration before saturation loading was 
achieved was about 10,000 mg/L. 
The volatile acids levels for the 24 and 12 hour HRTs 
were considerably lower than for 48 hours. The volatile 
acid levels at the 12 hour HRT were higher than at the 24 
hour HRT for the same organic load, with the exception of 
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the highest load or when saturation loading was achieved. 
This can be explained by the fact that the methanogens 
were unable to utilize the acids at the rate they were 
produced or the degradation of intermediate acids to 
acetic is rate limiting and exposure time is not suffi­
cient. 
One other parameter that is often used to determine 
if a reactor may be prone to failure is the ammonia/-
ammonium (NHS/NH^^) level. Ammonia levels for the meso-
philic and thermophilic reactors are presented in Figures 
36 and 37, respectively. The levels in the mesophilic 
reactors never approached the level of 1500 mg/L that has 
been reported to cause inhibition problems in anaerobic 
systems. The thermophilic reactors, on the other hand, 
approached or exceeded the 1500 mg/L level at both 48 and 
24 hour HRT. The total ammonia concentration at the 12 
hour HRT appears to be well below the suggested toxicity 
level. 
If the assumption is made that the failure of the 
systems results from a combination of the levels of the 
volatile acids and the ammonia, then one can start to 
evaluate the systems based on this hypothesis. The meso­
philic systems, however, do not correlate well with this 
hypothesis since one would expect performance to improve 
with reduced ammonia concentrations. The highest ammonia 
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Figure 36. Mesophilic total ammonia concentration vs. COD load applied 
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Figure 37. Thermophilic total ammonia concentration vs. COD load applied 
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levels occur when the system has the longest HRT and 
decreases in concentration at lower HRTs. This is likely 
due to ammonia washout. 
The volatile acids concentrations are highest for the 
24 hour HRT, which can be correlated to the saturation 
loading, as shown in Figure 19. The saturation loadings 
for the 48 and 24 hour HRTs both show signs of saturation 
loading when the volatile acids level is at about 1000 
mg/L, as acetic. At these organic loadings the ammonia 
concentrations appear to be well below 1500 mg/L with the 
48 hour HRT being at 800 mg/L and the 24 hour HRT being at 
500 mg/L. The data support the hypothesis that the sensi­
tive parameter for the mesophilic system is volatile 
acids, but probably not a combination of both ammonia and 
volatile acids. 
Figures 22 through 25 show that the mesophilic sys­
tems are so sensitive to changes in HRT that the parame­
ters of volatile acids and ammonia appear not to play a 
major role in system failure, as does the physical parame­
ter of HRT. The data support the contention that as the 
HRT is reduced in the mesophilic reactors, the ability to 
handle higher organic loads is greatly reduced. This is 
probably due to the kinetics of degradation not being fast 
enough to handle the reduced reaction times available at 
the lower HRTs. 
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The thermophilic reactors do, however, appear to be 
influenced more by the parameters of volatile acids and 
ammonia. If a total ammonia concentration of 1500 mg/L is 
where system toxicity begins to occur, then, using Figure 
16 and Figure 37, it can be seen that for the 48 hour HRT 
there begins a reduction in removal efficiency at about 20 
g/L/day. The loading corresponds to an ammonia level of 
1500 mg/L. Again, looking at the 24 hour HRT, it can be 
seen that at a loading of about 40 g/L/day the ammonia 
concentration is about 1500 mg/L and the removal efficien­
cy in Figure 16 begins to drop off. 
For an ammonia concentration of 1500 mg/L in Figure 
37 there appears to be an increase in the volatile acids 
concentration in Figure 35. This leads to the hypothesis 
that as the thermophilic system reaches an ammonia concen­
tration of 1500 mg/L there is a slight inhibition that 
begins to interfere with methanogensis. 
The data for the thermophilic systems indicates that 
the reduction in HRT allows the systems to remove the 
toxicity from the system through washout. It also demon­
strates that the system begins to show lower removal 
efficiencies when the HRT is reduced to very low values. 
These reductions in removal rates are probably the result 
of reaching the critical time for the removal rate from a 
kinetic standpoint. The thermophilic systems, because of 
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the higher temperatures, achieve higher removal rates, but 
there is a limit beyond which the reduction in HRT has an 
impact on removal efficiencies. 
Methane production 
Often systems are compared on the basis of methane 
production, since all COD removal arises from methane 
production. Figures 38 and 39 illustrate the results for 
methane production for the mesophilic and thermophilic 
systems. 
Figure 38 demonstrates that as the HRT of the meso­
philic system was reduced, methane production decreased. 
These results correlate well with the COD removal data, 
which also show that as the HRT is reduced the removal of 
COD is also reduced. 
The thermophilic methane production (Figure 39) also 
agrees well with the COD removal data for the thermophilic 
reactors. The only reduction in methane production occurs 
at low loadings for the 12 hour HRT reactor, the system 
goes to higher loadings the three HRTs come together, as 
they did for COD removal. The methane curves support the 
COD removal data for the thermophilic system. 
Another method of comparing the thermophilic system 
to the mesophilic system is to compare the methane produc­
tion curves for the three HRTs. Figures 40 through 42 
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Figure 38. Mesophilic methane production vs. COD load applied for 48, 24, and 12 hour 
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Figure 39. Thermophilic methane production vs. COD load applied for 48, 24, and 12 
hour HRT 
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compare the 48, 24, and 12 hour HRTs for the two tempera­
tures. There are two items that can be quickly identified 
with these figures. The first is the difference in the 
organic loadings that could be achieved by the mesophilic 
and thermophilic reactors. The second is a comparison of 
performance at a given HRT. 
In Figure 40 the mesophilic system out performed the 
thermophilic system (in terms of methane production at a 
48 hour HRT) but was unable to achieve as high an organic 
load as the thermophilic system. From Figures 41 and 42, 
it can be seen that the thermophilic reactors out per­
formed the mesophilic reactors both in production of 
methane, at a 24 and 12 hour HRT for a given organic load, 
and on the basis of the maximum organic load achieved. 
Figures 40 and 41 also support the hypothesis that 
the cause of the reduction in the performance of the 
thermophilic unit is total ammonia inhibition at a level 
of 1500 mg/L. Figure 40 (methane production for the 48 
hour HRT) shows a slight change in slope around the 20 
g/L/day loading which corresponds to the 1500 mg/L total 
ammonia concentration in Figure 36. The same is true for 
the 24 hour HRT which demonstrates a change in methane 
production rate at the 40 g/L/day loading which also 
corresponds to a 1500 mg/L total ammonia concentration in 
Figure 36. 
MESOPHILIC 
THERMOPHILIC 
vo 
0 10 15 20 25 S 35 
COD LOAD APPLIED, G/L/DAY 
40 45 50 
Figure 40. Mesophilic vs. Thermophilic methane production for 48 hour HRT 
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Figure 41. Mesophilic vs. Thermophilic methane production for 24 hour HRT 
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Figure 42. Mesophilic vs. Thermophilic methane production for 12 hour HRT 
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The conclusion is that mesophilic reactors are more 
adversely affected by a reduction in HRT than are the 
thermophilic reactors. The mesophilic systems are also 
more sensitive to increases in organic load than are the 
thermophilic units. 
Phase II 
Set-up 
Phase II of this research involved the investigation 
of a two-temperature anaerobic filter system. Figure 11 
shows the experimental setup. These experiments compared 
the performance of the two phase system to the individual 
mesophilic and thermophilic treatment systems at the same 
HRTs and organic loading. 
Operation 
The two-temperature system was operated at HRTs of 48 
and 24 hours over organic loadings of 4.13 g/L/day to 
24.75 g/L/day. The system was operated with half of the 
HRT at the thermophilic temperature (56° C) and the other 
half at the mesophilic temperature (35° C). 
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Results 
The COD removal data for the two-temperature system 
are presented in Tables 15 through 18. COD removals were 
used as the primary parameter for comparison of perfor­
mance between thermophilic and mesophilic temperatures. 
Methane production was used as a secondary parameter to 
compare the performance of the reactors. 
The results are presented graphically in Figures 43 
through 46. The figures present the data for the two-
temperature system and the thermophilic and mesophilic 
phases of the system individually on the same graphical 
plot. The loading rates are for the two-temperature 
system with removals being presented for the individual 
phases and the overall system. The COD removal percentag­
es are based on the TCOD applied to each phase. The 
thermophilic removals are based on the TCOD applied to the 
reactor with the NFDM substrate. The TCOD applied to the 
mesophilic reactor is based on the TCOD of the effluent 
from the thermophilic reactor. 
Figure 43 presents the SCOD removals for the HRT of 
48 hours for the two-temperature system. The majority of 
the removal occurs in the thermophilic phase with the 
mesophilic phase removing the volatile acids which remain 
from the thermophilic phase. The thermophilic phase is 
removing the greater mass of COD. 
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Table 15. Percent SCOD removals for the two temperature 
phase system at 48 hour HRT 
SCOD Removals 48 Hour HRT 
Thermophilic/ Thermophilic Mesophilic 
TCOD Applied Mesophilic Phase Phase 
g/L/day System 
4.125 96.6 89.2 62.7 
8.250 97.2 91.3 69.4 
11.000 98.2 91.3 72.9 
13.750 97.7 82.0 82.2 
16.500 97.1 91.7 71.2 
20.625 96.2 87.1 71.6 
24.750 85.6 77.6 45.7 
Table 16. Percent TCOD removals for the two temperature 
phase system at 48 hour HRT 
TCOD Removals 48 Hour HRT 
Thermophilic/ Thermophilic Mesophilic 
TCOD Applied Mesophilic Phase Phase 
g/L/day System 
4.125 94.5 80.1 48.4 
8.250 92.3 83.3 53.2 
11.000 92.7 81.7 50.5 
13.750 94.7 74.3 71.6 
16.500 93.4 79.9 62.0 
20.625 90.2 74.9 49.9 
24.750 80.0 67.4 39.6 
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Table 17. Percent SCOD removals for the two temperature 
phase system at 24 hour HRT 
SCOD Removals 24 Hour HRT 
Thermophilic/ Thermophilic Mesophilic 
TCOD Applied Mesophilic Phase Phase 
g/L/day System 
6.875 97.8 75.4 90.7 
9.625 97.2 79.0 90.7 
12.375 95.8 79.3 82.1 
15.125 96.5 78.3 85.4 
17.875 96.7 81.3 84.7 
20.625 94.3 79.1 75.0 
24.750 89.4 78.2 55.5 
Table 18. Percent TCOD removals for the two temperature 
phase system at 24 hour HRT 
TCOD Removals 24 Hour HRT 
Thermophilic/ Thermophilic Mesophilic 
TCOD Applied Mesophilic Phase Phase 
g/L/day System 
6.875 94.0 66.0 79.6 
9.625 92.8 68.0 79.4 
12.375 91.5 68.2 69.4 
15.125 92.7 68.5 77.2 
17.875 91.4 72.4 69.4 
20.625 89.6 65.7 63.2 
24.750 81.8 67.4 42.5 
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Figure 43. Phase II soluble COD removal vs. COD load applied for a 48 hour HRT 
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The two-temperature system achieves high removals (in 
excess of 90%) for all but the highest loading at both 48 
and 24 hour HRTs. The TCOD removals (Figure 44) are also 
in excess of 90% for all but the highest load for the 48 
hour HRT. The two-temperature system is able to obtain 
high removals with the influent waste stream being concen­
trated. At a load of 24.75 g/L/day the influent concen­
tration is 49,500 mg/L of TCOD. 
Figure 45 displays the results of the 24 hour HRT 
with the SCOD removal efficiency at or above 90% for the 
loads applied. The reduction in performance is due to the 
sharp reduction in performance of the mesophilic phase of 
the system. The thermophilic phase displayed a constant 
rate of removal for all COD loadings, while in the meso­
philic phase the rate of COD removal declines. 
The results for the TCOD removals (Figure 46) are the 
same as for the SCOD removals. At a 20 g/L/day loading 
the treatment system was able to achieve a COD removal of 
approximately 90%, which would be acceptable for most 
industrial pretreatment systems. 
Ammonia and volatile acids 
In Figures 47 and 48, the volatile acids concentra­
tion at 48 and 24 hour HRTs, show the effect of washout as 
the HRT is decreased. The 24 hour HRT shows that at 
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Figure 45. Phase II soluble COD removal vs. COD load applied for a 24 hour HRT 
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Figure 47. Phase II volatile acids vs. COD load applied for a 48 hour HRT 
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Figure 48. Phase II volatile acids vs. COD load applied for a 24 hour HRT 
163 
higher loadings the volatile acids concentration is still 
within levels that can be tolerated by the thermophilic 
and mesophilic phases. The same is true of the total 
ammonia concentrations shown in Figures 49 and 50. The 48 
hour HRT displays a drop in removal efficiency when the 
ammonia concentration reaches the 1500 mg/1 level at a 20 
g/L/day load. The reduction in the 24 hour HRT perfor­
mance can be attributed to the increased organic loading 
at the shorter HRT, as was the case in the mesophilic 
system of Phase I. 
Methane production 
The other measure of performance is methane produc­
tion. Figures 51 and 52 show the methane production rate 
for the 48 and 24 hour HRTs, respectively. The plots 
clearly show that the majority of the COD removal in the 
two-temperature system occurs in the thermophilic first 
phase. The 48 hour mesophilic methane production rate 
increases linearly with organic loading. The reduction in 
overall methane production rate occurs at a loading of 20 
g/L/day. This loading corresponds to the point where the 
thermophilic reactor exceeds the 1500 mg/L ammonia concen­
tration. 
The 24 hour HRT methane production rate, on the other 
hand, increases linearly for the thermophilic phase. 
2000 
1800 
CO 
r 16004 
ro 1400-
E 1200 
S 10004 
800-
600-
400-
200-
0 
0 
—I— 
2 
THERMOPHILIC 
—i— 
MESOPHILIC 
H 
CTi 4^ 
6 8 10 12 14 16 18 20 22 24 26 
COD LOAD APPLIED, G/L/DAY 
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Figure 52. Phase II methane production rates for a 24 hour HRT 
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There is a reduction in the mesophilic methane production 
rate as the load to the system increases above 18 g/L/day, 
which corresponds to a load of 3.34 g/L/day for the meso­
philic phase. These results correlate well with the 
results for the Phase I mesophilic reactors where the 
performance dropped off rapidly at a 12 HRT. The 24 two-
temperature system has a 12 hour HRT in the mesophilic 
stage. 
One of the major complaints against thermophilic 
anaerobic treatment systems is the poor quality of the 
effluent. In Phase I, the effluent from the thermophilic 
system at longer HRTs demonstrated this poor quality with 
the volatile acids for the 48 hour HRT reaching approxi­
mately 10,000 mg/L. The benefit of the two-temperature 
system is the ability to take advantage of the fast kinet­
ic rates of the thermophilic phase and the ability of the 
mesophilic phase to produce a high quality effluent. 
The question that arises is whether the mesophilic 
phase can degrade the levels of volatile acids leaving the 
thermophilic phase. In particular, the question is wheth­
er the mesophilic phase can degrade the high level of 
propionic acid that may enter this phase. Figures 53 and 
54 show the levels of acetic, propionic, and all other 
volatile acids lumped together leaving the thermophilic 
and the mesophilic phases of the two phase system. 
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At both the 48 hour and 24 hour HRT, it can be seen 
that the level of propionic acid entering the mesophilic 
phase is high but the mesophilic phase appears to be able 
to degrade it to acetic with little difficulty. The 48 
hour HRT does, however, show a significant increase in the 
level of acetic acid leaving the mesophilic phase. This 
would indicate that the acetogens are able to degrade 
propionic to acetic but that the methanogens are inhibit­
ed. 
If one looks at the ammonia levels in Figure 49 for 
the two phase system, it can be seen that at an organic 
loading of 16.5 g/L/day the ammonia concentration leaving 
the thermophilic phase is approximately 1400 mg/L. This 
is the loading where the propionic acid begins to rise 
significantly in the effluent of the thermophilic phase. 
By the time the loading of 20.6 g/L/day is reached the 
total ammonia concentration has reach 1500 mg/L. The 
guestion is whether propionic, acid or ammonia is inhibit­
ing the conversion of acetic acid to methane in the meso­
philic phase. 
The real guestion is how well the two-temperature 
system compares with the individual thermophilic and 
mesophilic systems of Phase I. Figures 55 through 58 
compare the results of the two-temperature system to that 
of the thermophilic and mesophilic systems operated over 
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the same organic loading ranges and the same HRTs. 
As can be seen in the graphs, the two-temperature 
system out performed the individual thermophilic and 
mesophilic systems at both the 48 and 24 hour HRTs. The 
system was not able to be tested at the high COD loadings 
achieved in Phase I because it would have required the 
loads on the first stage (the thermophilic reactor) to be 
in the 100 g/L/day range. The two-temperature system 
appeared to be only limited by the ability of the meso­
philic phase to handle the loads at reduced HRTs. 
As can be seen in Figure 55, although the two-temper-
ature system only slightly superior to the mesophilic 
system at the same HRT and organic load, the two-tempera­
ture system was able to achieve a higher loading. The 
reduction in performance appears to be related to the 
level of total ammonia in the effluent from the thermo­
philic phase. The total COD removals in Figure 56 show 
the advantage of the two-temperature system with reduced 
overall solids loss from the system accounting for the 
higher TCOD removals. 
Figure 57 shows that the two-temperature system is 
clearly superior to the individual thermophilic and meso­
philic systems at the lower loadings. As the load in­
creases the system begins to follow the performance of the 
thermophilic system, from Phase I. Because of the reduced 
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HRT in the mesophilic phase (12 hours) the system reflects 
the same problem of the separate mesophilic system at a 12 
hour HRT. Figure 58 again shows the advantage of the two-
temperature system in retaining solids and improving TCOD 
removals. 
In order to improve the performance of the two-
temperature system, it appears that the system must have 
an increased HRT for the mesophilic phase over that of the 
thermophilic phase. The results of the single phase work 
(Phase I) would indicate the use of very short HRTs for 
the thermophilic phase (maybe less than 12 hours) with a 
longer mesophilic phase (probably at least 48 hours) might 
produce the desired results. 
To improve the system may require the two phases to 
have different HRTs. The thermophilic system can probably 
be reduced in HRT while the mesophilic phase is increased 
in HRT, thus retaining an overall low HRT. 
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VII. ENGINEERING SIGNIFICANCE 
Phase I 
The ultimate objective of this research was to add to 
the understanding of the factors that affect the design 
and operation of anaerobic filters. This research studied 
the difference in performance, with respect to COD removal 
and methane production, of anaerobic filters operated at 
thermophilic (56° C) and mesophilic (35° C) temperatures. 
The research allowed two variables, which in the past were 
not evaluated as independent variables, to be treated as 
such. These variables were organic load and HRT. 
The results of the research show that the influence 
of HRT and COD load is dependent on temperature. When the 
anaerobic filter is operated at thermophilic temperatures, 
it is capable of effectively treating a complex soluble 
waste over a wide range of organic loadings, if there are 
no inhibitory substances present. The organic loading has 
little effect on the performance or removal efficiency of 
the thermophilic system, as long as increasing the organic 
load does not increase the concentration of an inhibitory 
substance, such as ammonia. 
In the case of this research, the inhibitory sub­
stance was ammonia. As long as the concentration of total 
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ammonia was kept below the inhibitory level (approximately 
1500 mg/L), increasing the organic loading rate did not 
reduce removal efficiency. The efficiency was slightly 
reduced with a decrease in HRT. In the thermophilic 
system the controlling parameters were HRT and the level 
of inhibitory material present, but not the level of the 
organic loading. 
This is significant in the design of a system for 
industrial pretreatment where the organic load may swing 
but the level of inhibitory material remains below the 
threshold level. The thermophilic system is capable of 
handling swings in hydraulic load more effectively than a 
mesophilic system. At thermophilic temperatures the size 
of the reactor can be significantly reduced over that of a 
mesophilic system for the pretreatment of industrial 
wastes. The thermophilic system would be ideal for waste 
streams that are high in temperature. 
The mesophilic system, on the other hand, was sensi­
tive to HRT. In this research, as the HRT was reduced it 
became more sensitive to changes in organic load. The 
mesophilic reactors were unable to perform at removal 
efficiencies comparable to the thermophilic system as the 
HRT was reduced. 
The thermophilic system can provide removal efficien­
cies that are exceptable for industrial pretreatment with 
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a reaction vessel significantly smaller than that required 
for the mesophilic system . The bottom line is capital 
cost. For a high temperature and COD waste stream, the 
thermophilic system may be able to reduce the size of the 
reaction vessel by as much as a factor of four. 
Engineers need to look at the thermophilic anaerobic 
filter system as a possible alternative to mesophilic 
anaerobic treatment processes. The results of studies 
that used completely mixed, thermophilic, anaerobic reac­
tors in the past do not hold for the attached growth 
systems. The thermophilic attached growth systems have 
much longer SRTs and shorter HRTs with improved perfor­
mance over the completely mixed thermophilic systems. 
Phase II 
The results of these initial studies on the two-
temperature system showed promise for improving the per­
formance of the anaerobic filter system. This research 
was the first to investigate the use of anaerobic filters 
for both temperature phases. The system allows the engi­
neer to gain the advantages of both the thermophilic and 
mesophilic treatment system. 
The thermophilic phase allows for the rapid treatment 
of a very concentrated waste while the mesophilic phase 
181 
polishes the effluent. Often thermophilic systems have 
been criticized for the poor quality effluent. With the 
two-temperature system, the poor quality effluent can be 
polished by a mesophilic reactor. 
The results of this study indicate the thermophilic-
mesophilic, two-temperature system was superior to either 
an individual mesophilic or thermophilic reactor system 
operated at the same HRT and organic loading as the ther-
mophilic-mesophilic two temperature system. Again, indus­
trial waste streams that are high in temperature and 
strength but requiring a high quality effluent could 
benefit from the use of this two-temperature system. Use 
of the two-temperature system can reduce overall reactor 
volume to obtain a desired level of treatment. 
The system responds quickly to changes in organic 
load and HRT due to the thermophilic first stage but is 
able to provide a higher quality of effluent with polish­
ing of the mesophilic second stage. The system provides 
the best of each operational temperature (thermophilic and 
mesophilic) and should be considered for use with individ­
ual waste streams. The thermophilic-mesophilic, two-
temperature system could reduce the overall cost of waste 
treatment for industrial users by reducing the overall 
vessel volume and cost. 
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VIII. CONCLUSIONS 
Phase I 
The results of this research support the following 
conclusions concerning the effects of hydraulic and organ­
ic loadings on the performance of anaerobic filters oper­
ated at thermophilic and mesophilic temperatures; 
1. There is an effect on removal efficiencies in the 
mesophilic anaerobic filters due to hydraulic and organic 
loadings. It was observed throughout this study that 
reduction in HRT significantly reduced the removal effi­
ciency of the mesophilic system. 
2. The mesophilic anaerobic reactors were affected 
by organic load with reduced removal efficiency as the 
organic load was increased at all HRTs studies. 
3. The thermophilic systems were able to achieve 
significantly higher organic loadings at all HRTs when 
compared to the mesophilic systems. 
4. The effect of HRT on the removal efficiencies was 
reversed for the two systems. The mesophilic system 
displayed lower removal efficiencies as the HRT was re­
duced. The thermophilic system showed improved removal 
efficiencies going from 48 hours to 24 hours at the higher 
loadings. The lowest HRT of 12 hours showed a decrease in 
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removal efficiency but maintained the same level of remov­
al across all organic loadings. 
5. The thermophilic anaerobic filter is less influ­
enced by hydraulic or organic loading than is the meso-
philic filter. 
6. Ammonia production in the thermophilic filter 
system is higher than in the mesophilic filter, indicating 
the rate of protein degradation is higher in a thermophil­
ic system than in a mesophilic. 
Phase II 
1. The COD removal efficiency of the two-temperature 
(thermophilic-mesophilic) system is higher than for either 
a mesophilic or thermophilic system operated individually 
at the same HRT and COD loadings. 
2. The two-temperature system was capable of treat­
ing influent streams of higher COD concentration than was 
a mesophilic or thermophilic system operated individually 
at the same HRT. 
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IX. RECOMMENDATIONS FOR FURTHER RESEARCH 
The following topics are recommended for future study: 
1. Studies on actual industrial waste streams 
should be investigated comparing the thermophil­
ic and mesophilic anaerobic filter systems. 
2. The thermophilic anaerobic reactor system should 
be studied to determine the minimum HRT possi­
ble. 
3. The thermophilic-mesophilic, two-temperature 
system should be investigated to determine if 
there is an optimum reactor size ratio between 
the first and second phase. 
4. The two-temperature system should be investigat­
ed to determine the effect of high concentra­
tions of inhibitory materials on both phases of 
the process. 
5. Investigate the actual versus the theoretical 
HRT with changes in biomass accumulation in the 
thermophilic and mesophilic anaerobic filter. 
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APPENDIX A. METHANE PRODUCTION DATA 
EXPERIMENT METHANE PRODUCTION (LITER/DAY) 
DATE DAY REACTOR REACTOR REACTOR REACTOR 
#1 #2 #3 #4 
2-01-90 1 0.0 0.0 0.0 0.0 
2-02-90 2 0.1 0.1 0.1 0.1 
2-03-90 3 0.1 0.1 0.2 0.2 
2—04—90 4 0.2 0.1 0.54 0.57 
2—05—90 5 0.2 0.2 0.56 0.69 
2—06—90 6 0.26 0.2 0.69 0.75 
2-07-90 7 0.24 0.2 0.75 0.89 
2—08—90 8 0.3 0.3 1.05 1.09 
2—09—90 9 0.2 0.3 1.20 1.21 
2-10-90 10 0.3 0.4 1.21 1.27 
2-11-90 11 0.37 0.75 1.20 1.43 
2-12-90 12 0.42 0.98 1.32 1.45 
2-13-90 13 0.47 1.26 1.45 1.89 
2—14—90 14 0.54 1.45 1.57 1.75 
2-15-90 15 0.72 1.53 1.69 1.86 
2—16—90 16 0.86 1.68 1.56 1.75 
2-17-90 17 0.81 1.85 1.92 1.96 
2-18-90 18 0.76 1.92 1.87 1.85 
2-19-90 19 0.95 2.09 1.95 1.98 
2-20-90 20 1.04 2.10 2.09 2.07 
2-21-90 21 1.09 2.15 1.98 2.36 
2-22-90 22 1.25 2.09 2.03 2.41 
2-23-90 23 1.33 2.13 2.12 2.59 
2—24—90 24 1.37 2.20 2.51 2.47 
2-25-90 25 1.45 2.25 2.68 2.49 
2—26—90 26 1.56 2.21 2.56 3.01 
2-27-90 27 1.90 2.17 2.76 2.85 
2-28-90 28 1-84 2.19 2.89 2.97 
3-01-90 29 2.00 2.14 3.07 3.12 
3-02-90 30 2.09 2.15 3.03 3.10 
EXPERIMENT 
DATE DAY REACTOR 
#1 
3-03-90 
3—04—90 
3—05—90 
3—06—90 
3-07-90 
3-08-90 
3-09-90 
3-10-90 
3—11—90 
3-12-90 
3-13-90 
3-14-90 
3-15-90 
3-16-90 
3-17-90 
3-18-90 
3-19-90 
3-20-90 
3-21-90 
3-22-90 
3-23-90 
3—24—90 
3-25-90 
3-26-90 
3-27-90 
3-28-90 
3-29-90 
3-30-90 
3-31-90 
4-01-90 
2.01 
2.06 
2.12 
1.95 
1.98 
1.96 
1.87 
1.95 
1.89 
1.87 
1.98 
2.59 
3.23 
3.52 
3.45 
3.65 
3.79 
4.25 
4.37 
4.35 
4.39 
4.42 
4.76 
4.56 
4.68 
4.89 
4.92 
4.96 
4.91 
4.92 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
2.17 3 
2.09 3 
2.16 3 
2.14 3 
2.17 3 
2.31 3 
2.09 3 
2.15 3 
2.18 3 
2.20 3 
2.21 3 
2.86 3 
3.21 3 
3.54 3 
3.25 3 
3.56 3 
3.81 3 
4.26 3 
4.38 3 
4.25 3 
4.32 3 
4.51 3 
4.58 3 
4.53 3 
4.57 3 
4.68 3 
4.56 3 
6.89 3 
7.06 3 
7.02 3 
3.09 
3.17 
3.12 
3.25 
3.13 
3.27 
3.31 
3.39 
3.27 
3.33 
3.37 
3.36 
3.32 
3.32 
3.45 
3.42 
3.19 
3.24 
3.58 
3.52 
3.56 
3.54 
3.49 
3.51 
3.45 
3.56 
3.65 
3.54 
3.55 
3.56 
21 
09 
14 
12 
17 
21 
26 
28 
21 
27 
35 
29 
29 
37 
36 
35 
51 
45 
42 
47 
51 
41 
56 
52 
47 
49 
52 
58 
45 
52 
DATE 
EXPERIMENT 
DAY REACTOR 
#1 
4-02-90 
4-03-90 
4—04—90 
4—05—90 
4—06—90 
4—07—90 
4-08-90 
4-09-90 
4—10—90 
4-11-90 
4—12—90 
4-13-90 
4—14—90 
4-15-90 
4-16-90 
4—17—90 
4-18-90 
4-19-90 
4-20-90 
4-21-90 
4-22-90 
4—23—90 
4-24-90 
4—25—90 
4-26-90 
4-27-90 
4-28-90 
4-29-90 
4-30-90 
5—01—90 
5.03 
5.01 
4.97 
4.98 
4.92 
4.98 
4.96 
5.10 
6.12 
6.25 
6.33 
6.27 
6.31 
6.29 
6.31 
6.27 
6.35 
6.34 
6.25 
6.23 
6.97 
6.85 
7.28 
7.24 
7.29 
7.30 
7.25 
7.36 
7.39 
7.48 
61 
62  
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
8 2  
83 
84 
85 
86  
87 
88 
89 
90 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
7.02 
7.12 
7.09 
7.04 
7.02 
7.05 
7.06 
7.08 
7.12 
7.09 
7.12 
7.25 
7.18 
7. 23 
7.18 
7.27 
7.24 
7.29 
7.21 
7.24 
7.30 
7.21 
7.26 
7.08 
7.36 
7.09 
7.24 
7.26 
9.69 
12.65 
3.51 
3.53 
3.57 
3.61 
3.49 
3.56 
3.51 
3.59 
6.94 
7.04 
7.03 
7.09 
7.10 
7.02 
7.08 
7.14 
7.08 
7.18 
7.09 
7.20 
7.21 
7.16 
7.14 
7.29 
7.13 
7.19 
7.24 
7.26 
9.39 
14.40 
3.59 
3.54 
3.52 
3.51 
3.67 
3.61 
3.58 
6.45 
6.85 
7.07 
7.09 
7.15 
7.14 
7.18 
7.13 
7.12 
7.09 
7.18 
7.15 
7.20 
7.08 
7.12 
7.09 
7.12 
7.14 
7.19 
7.25 
7.16 
9.67 
14.50 
EXPERIMENT 
DATE DAY REACTOR 
#1 
5—02—90 
5—03—90 
5—04—90 
5-05-90 
5-06-90 
5-07-90 
5—08—90 
5-09-90 
5—10—90 
5-11-90 
5-12-90 
5-13-90 
5—14—90 
5-15-90 
5-16-90 
5-17-90 
5-18-90 
5-19-90 
5—20—90 
5-21-90 
5—22—90 
5-23-90 
5—24—90 
5-25-90 
5-26-90 
5-27-90 
5-28-90 
5—29—90 
5-30-90 
5-31-90 
7.41 
7.52 
7.39 
7.45 
7.39 
7.49 
7.46 
7.56 
7.52 
7.42 
7.37 
7.47 
7.43 
7.42 
7.53 
7.62 
8.03 
6.73 
7.36 
7.72 
7.98 
8.16 
8 . 6 0  
9.51 
10.18 
10.13 
9.54 
8.32 
9.78 
10.40 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
13.20 
12.95 
12.91 
13.56 
13.68 
13.98 
13.79 
14.00 
13.95 
14.02 
14.08 
14.18 
14.12 
14.15 
14.21 
14.20 
21.53 
23.51 
23.95 
24.39 
24.25 
24.58 
25.19 
25.93 
26. 28 
25.37 
22.11 
18.68 
24.58 
25.65 
52 14.53 
45 14.69 
57 14.72 
62 14.68 
59 14.70 
46 14.69 
52 14.77 
58 14.59 
56 14.70 
60 14.76 
62 14.75 
39 14.69 
65 14.73 
55 14.68 
58 14.25 
60 25.94 
62 30.48 
13 32.43 
24 30.63 
94 33.06 
07 32.30 
62 32.03 
92 32.95 
50 33.62 
23 32.94 
80 32.73 
06 24.99 
89 24.41 
97 30.05 
56 32.56 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
15 
15 
14 
15 
14 
14 
15 
15 
14 
12 
10 
14 
15 
EXPERIMENT 
DATE DAY REACTOR 
#1 
6-01-90 
6—02—90 
6—03—90 
6—04—90 
6—05—90 
6—06—90 
6—07—90 
6—08—90 
6-09-90 
6—10—90 
6—11—90 
6-12-90 
6-13-90 
6—14—90 
6-15-90 
6—16—90 
6—17—90 
6-18-90 
6-19-90 
6—20—90 
6—21—90 
6—22—90 
6—23—90 
6—24—90 
6—25—90 
6-26-90 
6—27—90 
6-28-90 
6-29-90 
6-30-90 
10.50 
5.29 
11.61 
11.20 
10.44 
12.38 
13.47 
13.29 
13.77 
13.43 
13.35 
14.22 
14.59 
14.40 
15.38 
15.00 
14.62 
14.85 
15.18 
15.50 
14.23 
14.94 
14.49 
14.60 
14.58 
14.88 
14.98 
14.73 
24.01 
28.98 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
23.79 14 
10.22 16 
23.82 13 
23.13 14 
22.06 15 
23.68 15 
25.32 15 
23.81 15 
25.08 15 
24.48 16 
24.67 13 
26.85 16 
27.09 15 
27.03 25 
28.61 32 
27.99 20 
27.56 16 
28.25 16 
28.04 15 
28.49 16 
27.00 14 
28.17 15 
27.61 15 
28.18 15 
27.92 15 
29.05 15 
28.70 15 
27.95 15 
37.50 25 
39.78 29 
29.69 
25.37 
26.73 
27.27 
29.19 
29.51 
29.85 
28.39 
29.11 
29.15 
29.16 
25.47 
28.17 
19.51 
15.97 
25.44 
27.59 
28.32 
26.53 
30.82 
28.50 
30.20 
29.10 
29.50 
29.46 
30.45 
30.37 
30.35 
39.90 
44.01 
44 
50 
48 
27 
06 
23 
19 
20 
12 
39 
87 
26 
81 
85 
11 
31 
88 
41 
99 
36 
96 
37 
69 
37 
10 
44 
07 
29 
17 
98 
EXPERIMENT 
DATE DAY REACTOR 
#1 
6-31-90 
7—01—90 
7-02-90 
7-03-90 
7-04-90 
7-05-90 
7—06—90 
7-07-90 
7-08-90 
7-09-90 
7-10-90 
7—11—90 
7-12-90 
7-13-90 
7—14—90 
7-15-90 
7—16—90 
7-17-90 
7-18-90 
7-19-90 
7-20-90 
7-21-90 
7-22-90 
7-23-90 
7-24-90 
7-25-90 
7-26-90 
7-27-90 
7-28-90 
7-29-90 
39.45 
42.36 
43.18 
43.39 
43.69 
40.28 
44.70 
43.81 
44.40 
38.18 
41.25 
40.58 
42.47 
39.83 
40.28 
40.22 
42.46 
41.75 
42.44 
41.43 
40.64 
39.08 
42. 26 
41.83 
66.68 
71.17 
68.34 
68.57 
69.29 
66.82 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
54.06 
53.37 
56.90 
55.75 
56.07 
49.42 
54.99 
55.17 
57.34 
55.09 
59.18 
57.81 
53.84 
52.88 
54.84 
53.85 
53.99 
54.49 
55.27 
54.27 
55.92 
53.78 
56.62 
55.82 
79.43 
84.66 
82.52 
79.66 
78.08 
78.91 
62 53.86 
54 56.59 
21 62.52 
32 62.42 
64 62.35 
75 65.16 
94 73.46 
09 81.62 
82 72.00 
16 69.39 
64 71.74 
86 72.95 
50 72.91 
75 69.86 
36 67.84 
74 68.11 
07 69.73 
01 68.71 
91 66.97 
87 68.85 
06 65.42 
05 68.56 
38 70.20 
77 68.55 
93 86.45 
68 87.24 
88 81.82 
69 81.67 
88 85.82 
03 91.27 
41 
45 
48 
47 
47 
46 
47 
51 
51 
49 
44 
47 
48 
48 
48 
47 
48 
49 
47 
47 
46 
46 
43 
48 
66 
73 
71 
72 
71 
74 
EXPERIMENT 
DATE DAY REACTOR 
#1 
7-30-90 
7-31-90 
8-01-90 
8-02-90 
8-03-90 
8-04-90 
8-05-90 
8-06-90 
8-07-90 
8—08—90 
8-09-90 
8-10-90 
8-11-90 
8-12-90 
8-13-90 
8-14-90 
8—15—90 
8-16-90 
8—17—90 
8-18-90 
8-19-90 
8-20-90 
8-21-90 
8-22-90 
8-23-90 
8—24—90 
8-25-90 
8-26-90 
8-27-90 
8-28-90 
68.97 
70.33 
69.00 
71.98 
74.17 
69.52 
69.58 
68.24 
87.84 
95.58 
98.65 
98.53 
97.15 
99.58 
99.61 
98.72 
96.66 
96.57 
96.27 
95.83 
95.84 
96.38 
96.23 
94.94 
96.34 
96.77 
114.24 
108.25 
115.18 
113.64 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR 
#2 #3 
REACTOR 
#4 
80.16 69.50 91.03 
79.36 68.63 89.95 
80.02 69.61 90.65 
80.73 68.68 92.70 
81.39 63.05 95.51 
78.00 66.91 91.08 
78.38 66 .36 91.55 
79.52 67.47 93.52 
95.80 70.04 107.66 
100.50 68.72 109.03 
103.77 77.98 107.98 
102.13 77.97 96.67 
99.99 25.61 100.39 
102.89 16.91 94.72 
105.81 15.04 103.93 
104.56 14.43 101.08 
101.75 16.18 98.70 
101.59 16.03 99.04 
102.21 15.98 96.12 
99.31 11.74 68.55 
100.50 15.67 110.31 
101.26 15.90 110.37 
101.14 16.22 104.94 
99.64 16.73 108.03 
101.14 16.42 101.31 
100.20 16.42 97.93 
117.76 39.99 100.11 
117.14 42.59 99.70 
123.02 44.47 82.03 
119.61 44.18 84.32 
EXPERIMENT 
DATE DAY REACTOR 
#1 
8—29—90 
8-30-90 
8—31—90 
9—01—90 
9—02—90 
9—03—90 
9-04-90 
9—05—90 
9—06—90 
9—07—90 
9-08-90 
9-09-90 
9—10—90 
9-11-90 
9-12-90 
9-13-90 
9—14—90 
9-15-90 
9—16—90 
9-17-90 
9-18-90 
9-19-90 
9-20-90 
9-21-90 
9-22-90 
9-23-90 
9-24-90 
9—25—90 
9—26—90 
9-27-90 
113.16 
109.79 
111.35 
108.39 
72.88 
78.54 
89.64 
104.50 
100.24 
106.71 
112.01 
106.82 
104.02 
119.17 
125.74 
124.40 
106.04 
109.84 
131.74 
127.68 
127.09 
126.71 
127.91 
127.61 
125.32 
128.66 
130.48 
132.13 
128.58 
128.30 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
108.23 42 
118.75 40 
118.67 42 
112.23 40 
114.66 42 
114.52 40 
118.34 41 
120.18 39 
121.14 41 
118.53 40 
118.63 41 
116.42 41 
117.27 42 
134.79 51 
138.20 54 
140.65 56 
134.25 55 
135.71 55 
140.20 56 
140.01 56 
131.51 52 
131.28 52 
135.31 53 
142.59 47 
132.15 46 
134.89 46 
139.98 45 
139.72 42 
137.17 41 
137.67 42 
88.08 
85.80 
95.89 
97.99 
117.17 
113.33 
116.20 
116.33 
119.30 
118.46 
117.44 
119.48 
120.58 
123.65 
119.86 
116.54 
114.49 
109.16 
109.81 
110.68 
100.73 
96.37 
85.92 
90.97 
88.87 
90.67 
80.64 
82.39 
80.24 
71.69 
37 
89 
98 
72 
03 
21 
01 
62  
50 
91 
55 
88 
41 
64 
07 
65 
21 
42 
90 
07 
51 
00 
50 
72 
10 
42 
15 
19 
10 
22 
EXPERIMENT 
DATE DAY REACTOR 
#1 
9-28-90 
9-29-90 
9-30-90 
10-01-90 
10-02-90 
10-03-90 
10—04—90 
10—05—90 
10-06-90 
10-07-90 
10—08—90 
10-09-90 
10-10-90 
10-11-90 
10-12-90 
10-13-90 
10-14-90 
10-15-90 
10—16—90 
10-17-90 
10-18-90 
10-19-90 
10-20-90 
10-21-90 
10-22-90 
10-23-90 
10-24-90 
10-25-90 
10—26—90 
10-27-90 
129.23 
132.70 
129.35 
130.00 
126.06 
131.53 
129.50 
143.83 
130.87 
130.38 
127.00 
128.00 
123.54 
125.81 
127.60 
129.80 
129.34 
128.57 
131.15 
127.29 
126.94 
128.48 
127.19 
127.68 
126.65 
128.01 
146.71 
147.22 
153.41 
150.74 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262  
263 
264 
265 
266 
267 
268 
269 
270 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
138.26 
140.84 
139.86 
144.26 
143.62 
141.94 
136.72 
133.13 
147.94 
140.54 
145.00 
128.00 
122.59 
129.60 
132.00 
135.00 
137.80 
141.95 
140.51 
136.15 
134.64 
133.94 
132.35 
133.49 
128.97 
118.30 
142.78 
143.16 
147.59 
145.10 
14 70.25 
63 89.06 
81 84.50 
16 88.63 
04 90.97 
28 89.05 
31 91.66 
04 92.48 
00 93.51 
50 91.45 
70 88.97 
71 85.84 
62 82.70 
97 87.94 
24 88.94 
43 87.73 
48 87.12 
98 87.63 
25 85.15 
53 82.29 
33 81.36 
93 83.19 
62 81.92 
96 82.55 
74 83.03 
96 82.68 
55 77.40 
33 74.62 
12 74.99 
51 74.84 
39 
41 
40 
41 
42 
40 
40 
39 
41 
39 
39 
39 
39 
33 
49 
46 
47 
48 
49 
48 
48 
48 
48 
48 
50 
53 
43 
37 
37 
36 
EXPERIMENT 
DATE DAY REACTOR 
#1 
10-28-90 
10-29-90 
10-30-90 
10-31-90 
11-01-90 
11-02-90 
11-03-90 
11-04-90 
11-05-90 
11—06—90 
11-07-90 
11-08-90 
11-09-90 
11-10-90 
11-11-90 
11-12-90 
11-13-90 
11-14-90 
11-15-90 
11-16-90 
11-17-90 
11-18-90 
11-19-90 
11-20-90 
11-21-90 
12-13-90 
12-14-90 
12-15-90 
12—16—90 
12-17-90 
54.61 
156.39 
148.81 
158.91 
159.57 
157.21 
150.46 
159.37 
156.55 
156.37 
151.54 
150.10 
147.49 
137.64 
137.23 
95. 24 
38.31 
20.87 
15.13 
15.72 
16.65 
18.35 
8 . 0 0  
8.14 
7.84 
8.53 
8.16 
8.75 
9.04 
9.72 
2711 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282  
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR 
#2 #3 
REACTOR 
#4 
151.82 37.01 74.96 
153.44 36.56 75.02 
29.14 36.74 74.97 
40.74 20.95 74.27 
11.12 31.89 73.23 
11.53 33.54 71.67 
13.48 32.44 72.27 
24.55 33.74 76.60 
23.54 33.44 77.51 
5.91 33.94 76.11 
3.23 34.15 78.02 
3.30 34.15 79.28 
3.12 35.53 77.50 
3.50 33.14 75.60 
3.33 34.57 74.00 
3.26 37.14 71.93 
3.02 37.53 73.93 
3.33 37.94 75.54 
3.32 34.23 75.60 
3.21 35.30 75.60 
3.33 35.31 69.48 
3.31 35.61 82.12 
6.70 23.20 59.00 
6.71 23.21 58.98 
6.54 22.66 61.26 
6.83 24.06 60.50 
6.50 22.44 57.17 
6.71 21.97 56.72 
6.81 21.56 57.64 
7.09 23.01 58.53 
EXPERIMENT 
DATE DAY REACTOR 
#1 
12-18-90 
12-19-90 
12-20-90 
12-21-90 
12-22-90 
12-23-90 
12-24-90 
12-25-90 
12-26-90 
12-27-90 
12-28-90 
12-29-90 
12-30-90 
12-31-90 
01-01-91 
01-02-91 
01-03-91 
01-04-91 
01-05-91 
01—06—91 
01-07-91 
01-08-91 
01-09-91 
01-10-91 
01-11-91 
01-12-91 
01-13-91 
01-14-91 
01-15-91 
01-16-91 
9.45 
10.23 
10.25 
10.21 
10.11 
10.22 
10.44 
10.43 
10.73 
10.92 
10.84 
10.94 
10.94 
10.86 
12.38 
12.55 
12.08 
11.35 
11.28 
11.80 
13.17 
13.06 
22.12 
25.07 
25.70 
24.28 
26.56 
25.77 
25.37 
25.74 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
6.81 
7.31 
7.27 
7.30 
7.22 
1.06 
7.05 
6.75 
6.11 
6.92 
6.90 
7.20 
7.47 
7.45 
12.96 
13.39 
12.58 
12.68 
12.32 
13.04 
14.39 
14.38 
33.19 
41.59 
41.39 
42.72 
44.73 
46.16 
45.46 
43.21 
57 53.52 
31 57.89 
86 62.50 
16 63.23 
83 59.05 
42 62.00 
82 61.30 
92 60.80 
80 61.00 
50 60.04 
80 48.20 
50 74.90 
33 47.44 
14 50.85 
98 42.12 
87 47.12 
21 , 47.50 
29 47.30 
98 48.03 
42 47.60 
87 48.30 
92 49.36 
63 11.64 
95 8.51 
24 6.78 
36 6.20 
89 5.31 
19 3.89 
29 4.56 
99 6.83 
21 
23 
21 
22 
12 
11 
11 
11 
10 
12 
11 
11 
11 
10 
11 
11 
11 
11 
11 
12 
13 
11 
11 
9 
6 
8 
10 
9 
7 
9 
EXPERIMENT 
DATE DAY REACTOR 
#1 
01-17-91 
01-18-91 
01-19-91 
01-20-91 
01-21-91 
01-22-91 
01-23-91 
01-24-91 
01-25-91 
01—26—91 
01-27-91 
01-28-91 
01-29-91 
01-30-91 
01-31-91 
02-01-91 
02-02-91 
02-03-91 
02—04—91 
02-05-91 
02-06-91 
02-07-91 
02-08-91 
02-09-91 
02-10-91 
02-11-91 
02-12-91 
02-13-91 
02—14—91 
02-15-91 
25.00 
25.59 
44.60 
49.56 
52.10 
52.55 
51.64 
52.15 
52.34 
51.78 
55.37 
56.20 
86.51 
89.29 
90.14 
88.62 
90.75 
95.26 
94.22 
99.52 
82.03 
104.63 
106.97 
107.45 
110.66 
116.52 
118.74 
115.59 
140.49 
139.54 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
354 
355 
356 
357 
358 
359 
360 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
43.62 
44.05 
76.28 
84.75 
79.67 
81.96 
81.23 
81.97 
8 2 . 8 0  
81.05 
81.10 
81.77 
94.30 
101.70 
102.98 
102.54 
103.86 
109.27 
83.32 
32.32 
92.51 
113.23 
115.73 
118.49 
122.96 
128.23 
131.83 
131.36 
163.78 
163.04 
88 6.83 
01 5.54 
58 5.42 
65 6.08 
13 8.17 
48 9.03 
50 9.94 
99 10.34 
34 9.75 
92 9.23 
61 9.45 
66 9.66 
87 9.82 
55 10.51 
18 10.75 
28 11.18 
13 11.79 
50 11.62 
72 12.75 
32 11.20 
75 12.79 
41 16.99 
38 22.99 
59 25.13 
38 25.72 
30 22.18 
08 20.30 
61 20.69 
61 21.48 
53 25.76 
9 
12 
17 
18 
19 
17 
15 
18 
18 
18 
18 
18 
23 
21 
22 
22 
23 
22 
21 
21 
19 
27 
27 
26 
26  
25 
25 
26 
23 
24 
EXPERIMENT 
DATE DAY REACTOR 
#1 
02—16—91 
02-17-91 
02-18-91 
02-19-91 
02-20-91 
02-21-91 
02-22-91 
02-23-91 
02-24-91 
02-25-91 
02-26-91 
02-27-91 
02-28-91 
03-01-91 
03-02-91 
03-03-91 
03-04-91 
03-05-91 
03—06—91 
03-07-91 
03-08-91 
03-09-91 
03-10-91 
03-11-91 
03-12-91 
03-13-91 
03-14-91 
03-15-91 
03-16-91 
03-17-91 
140.12 
140.23 
139.98 
140.31 
140.11 
139.90 
135.82 
134.51 
158.97 
165.55 
162.31 
161.97 
158.85 
157.81 
157.71 
155.66 
157.42 
157.03 
32.31 
15.46 
12.39 
10.07 
12.31 
10. 65 
5.38 
29.18 
47.72 
62.88 
66.83 
56.79 
361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 
385 
386 
387 
388 
389 
390 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR 
#2 #3 
REACTOR 
#4 
162.84 25.31 27.49 
162.57 27.14 28.04 
163.11 26.84 27.11 
162.85 26.89 26.58 
162.49 27.19 25.51 
162.81 26.69 26.14 
161.65 27.45 26.71 
159.36 32.73 26.61 
188.41 37.22 19.98 
193.53 36.86 23.79 
193.07 35.98 24.41 
191.80 36.48 28.06 
183.21 33.55 32.20 
186.00 32.08 32.26 
185.74 32.20 36.87 
184.60 35.49 29.03 
184.82 23.41 28.80 
184.33 31.40 16.20 
117.49 14.69 30.20 
115.61 8.00 30.35 
95.15 6.06 30.10 
96.18 8.34 30.10 
93.50 4.43 36.30 
91.95 1.73 38.69 
90.92 0.00 40.47 
89.90 27.39 11.76 
95.82 32.33 40.39 
79.08 43.55 39.07 
74.83 45.56 33.11 
91.17 40.25 33.64 
EXPERIMENT 
DATE DAY REACTOR 
#1 
03-18-91 
03-19-91 
03-20-91 
03-21-91 
03-22-91 
03-23-91 
03-24-91 
03-25-91 
03—26—91 
03-27-91 
03-28-91 
03-29-91 
03-30-91 
03-31-91 
04—01—91 
04-02-91 
04-03-91 
04—04—91 
04-05-91 
04-06-91 
04-07-91 
04-08-91 
04—09—91 
04-10-91 
04-11-91 
04-12-91 
04-13-91 
04—14—91 
04-15-91 
04-16-91 
59.87 
59 .80 
61.69 
62.65 
52.23 
54.42 
61.16 
61.31 
63.95 
64.25 
53.76 
64.43 
66.53 
49.79 
52.79 
54.14 
54.58 
53.24 
50.39 
51.88 
96.78 
107.21 
143.95 
152.86 
150.34 
149.70 
151.20 
148.90 
149.70 
152.30 
391 
392 
393 
394 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
418 
419 
420 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
95.34 
96.63 
98.41 
100.26 
86.97 
79.45 
93.44 
97.92 
98.24 
99.63 
104.90 
106.68 
85.23 
113.46 
127.77 
126.72 
127.00 
125.27 
127.29 
127.83 
134.34 
139.01 
145.00 
150.88 
153.03 
152.43 
150.49 
170.86 
173.28 
176.02 
44 37.43 
87 35.60 
77 36.59 
43 36.70 
79 35.95 
61 27.33 
33 32.72 
76 35.36 
28 37.45 
34 36.56 
94 37.65 
00 37.93 
29 21.56 
57 32.26 
62 35.37 
02 45.63 
39 45.13 
91 48.11 
14 49.00 
15 47.41 
24 54.20 
74 56.53 
41 59.49 
80 59.37 
43 55.38 
38 52.31 
20 51.36 
57 56.10 
79 61.48 
28 61.99 
4 
0 
4 
29 
47 
36 
44 
52 
56 
39 
6 
0 
34 
29 
22 
22 
21 
20 
22 
21 
15 
25 
34 
47 
54 
57 
56 
50 
48 
45 
EXPERIMENT 
DATE DAY REACTOR 
#1 
04-17-91 
04-18-91 
04—19—91 
04-20-91 
04-21-91 
04-22-91 
04-23-91 
04-24-91 
04—25—91 
04-26-91 
04-27-91 
04—28—91 
04-29-91 
04—30—91 
05-01-91 
150.20 
198.57 
206.81 
209.02 
210.00 
211.03 
210.49 
203.93 
194.95 
194.11 
184.58 
178.09 
179.19 
180.74 
191.48 
421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
435 
METHANE PRODUCTION (LITER/DAY) 
REACTOR REACTOR REACTOR 
#2 #3 #4 
174.88 
197.17 
205.20 
190.08 
198.23 
200.95 
199.98 
200.66 
193.85 
190.20 
186.69 
188.60 
190.44 
191.69 
193.81 
99 59.08 
97 49.98 
83 35.24 
66 25.98 
60 28.68 
84 32.37 
29 58.89 
93 42.97 
79 43.64 
00 42.60 
30 43.80 
80 44.60 
20 44.63 
76 52.97 
10 46.57 
38 
35 
40 
38 
36 
37 
37 
36 
45 
42 
41 
40 
41 
41 
40 
THERMOPHILIC #1 
THERMOPHILIC #2 
MESOPHILIC #3 
MESOPHILIC #4 
30 40 50 
EXPERIMENT DAY 
Figure 59. Daily methane production (day 0 to 75) 
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I Figure 60. Daily methane production (day 75 to 149) 
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Figure 61. Daily methane production (day 150 to 229) 
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Figure 62. Daily methane production (day 230 to 310) 
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Figure 63. Daily methane production (day 310 to 390) 
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Figure 64. Daily methane production (day 390 to 435) 
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APPENDIX B. AMMONIA PRODUCTION DATA 
Ammonia Data Single Phase Systems 
NH3 mg/1 as N 
Mesophilic Thermophilic 
Load Hydraulic Retention Time Hydraulic Retention Time 
9/1 48 hrs 24 hrs 12 hrs 48 hrs 24 hrs 12hrs 
2.75 152 42 21 206 123 42 
5.50 179 76 27 301 149 
8. 25 275 140 33 411 215 154 
11.00 455 292 31 605 363 — 
13.75 517 408 38 892 596 246 
16.50 649 489 1221 652 
19.25 771 556 1412 799 338 
22.00 938 608 1604 843 
24.75 1721 941 514 
27.50 1902 1052 
30.25 2146 1118 593 
33.00 2460 1160 
35.75 2666 1190 437 
38.50 938 1310 — —  
41.25 1463 731 
49.50 1735 711 
Ammonia Data Two-Temperature Phase System 
NH3 mg/1 as N 
Load 48 hour HRT 24 hour HRT 
g/1 Thermophilic Mesophilic Thermophilic Mesophilic 
4.125 215 256 
6.875 596 652 246 543 
9.625 799 860 338 543 
12.375 941 990 514 692 
15.125 593 844 
16.500 1160 1332 
17.875 651 874 
20.625 1463 1512 731 892 
24.750 1735 1790 711 930 
222 
APPENDIX C. VOLATILE ACIDS DATA 
Phsae I Volatile Acids Data 
(mg/1) 
Mesophilic Thermophilic 
Load 
9/1 
Hydraulic Retention Time 
48 hours 24 hours 12 hours 
Hydraulic Retention Time 
48 hours 24 hours 12 hours 
2.75 25 121 75 42 52 44 
5.50 122 155 169 141 278 
8.25 171 538 285 348 254 120 
11.00 282 849 466 578 284 —  —  
13.75 407 1091 752 1092 280 800 
16.50 615 1038 1620 278 — —  
19.25 869 1854 2175 400 1524 
22.00 943 2012 2650 627 
24.75 2815 955 1245 
27.50 4143 1065 — 
30.25 7088 1227 1553 
33.00 7011 1148 —  —  
35.75 9620 1391 1668 
38.50 10794 1650 
41.25 2065 1824 
49.50 4615 2199 
Phase II Volatile Acids Data 
(mg/1) 
Hydraulic Retention Time = 48 hours 
Load Thermophilic Stage Mesophilic Stage 
9/1 
4.125 254 15 
8.250 278 108 
11.000 627 226 
13.750 1065 138 
16.500 1148 255 
20.625 2065 674 
24.75 4615 3958 
Hydraulic Retention Time = 24 hours 
Load Thermophilic Stage Mesophilic Stage 
9/1 
6.875 800 24 
9.625 1524 84 
12.375 1245 285 
15.125 1553 324 
17.875 1668 126 
20.625 1824 463 
24.750 2199 1010 
c 
mes 
0 
1 
5 
0 
3 
4 
28 
c 
mes 
0 
1 
2 
87 
1 
75 
12 
Volatile Acids Data Phase II 
Specific Acids (mg/L) 
48 hour HRT 
Load Acetic Propionic Iso-Butyric N-Butyric M-Butyric 
thermo meso thermo meso thermo meso thermo meso thermo mes 
4.125 53 4 181 8 4 1 6 1 7 1 
8.250 45 11 207 31 5 0 7 63 11 1 
11.00 143 136 372 62 17 3 31 13 42 6 
13.75 101 99 904 37 21 1 14 1 12 1 
16.50 398 157 575 69 15 4 53 17 32 4 
20.625 220 262 1696 381 31 7 21 6 61 13 
24.750 766 2705 2783 824 281 84 132 49 528 269 
Volatile Acids Data Phase II 
Specific Acids (mg/L) 
24 hour HRT 
Load Acetic Propionic 
thermo meso thermo meso 
Iso-Butyric 
thermo meso 
N-Butyric M-Butyric 
thermo meso thermo meso 
6.875 72 7 676 13 15 1 9 1 14 2 
9.625 237 32 1141 45 32 2 27 2 70 2 
12.375 146 104 1030 169 16 4 15 1 28 5 
15.125 127 83 1330 130 25 4 13 2 32 6 
17.875 146 56 1406 64 38 2 18 1 35 3 
20.625 171 123 1523 242 34 7 22 4 53 14 
24.750 343 283 1560 597 84 32 62 22 132 65 
226 
APPENDIX D. SOLIDS DATA 
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Phase I Solids Data 
(mg/l) 
Mesophilic 
Hydraulic Retention Time 
Load 48 hr 24 hr 12 hr 
9/1 TSS VSS TSS VSS TSS VSS 
2.75 710 605 510 465 385 370 
5.50 1330 1165 1265 1120 525 420 
8.25 2460 2020 3455 3225 1295 1030 
11.00 3150 2675 2065 1815 1370 1220 
13.75 4720 4080 1160 1050 1720 1560 
16.50 4400 3730 2880 2555 
19.25 5910 4855 5660 4740 
22.00 13600 11210 4750 4245 
24.75 
27.50 
30.25 
33.00 
35.75 
38.50 
41.25 
49.50 
Thermophilic 
Hydraulic Retention Time 
Load 48 hr 24 hr 12 hr 
9/1 TSS VSS TSS VSS TSS VSS 
2.75 420 330 340 280 955 870 
5.50 425 325 550 515 — — — — — — 
8.25 1290 1130 900 810 825 715 
11.00 1190 1005 950 890 — —* — 
13.75 2550 2140 1110 970 815 710 
16.50 4700 3950 1260 1155 — — — — 
19.25 4045 3610 1765 1625 985 860 
22.00 5350 4715 1810 1665 — — — — 
24.75 4770 4165 2250 2160 1255 1135 
27.50 5390 4810 1950 1855 — — —  —  
30.25 6590 5845 2215 2090 1700 1550 
33.00 4575 4190 3475 3240 —  — 
35.75 6145 5435 3820 3640 1750 1640 
38.50 5745 5135 3480 3100 —  —  —  
41.25 4335 4070 1675 1660 
49.50 4315 3940 2330 2190 
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Figure 65. Mesophilic total suspended solids in the effluent 
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Figure 66. Mesophilic volatile suspended solids in the effluent 
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Figure 67. Thermophilic total suspended solids in the effluent 
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Figure 68. Thermophilic volatile suspended solids in the 
